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ABSTRACT 

The o b j e c t  o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  t h e  

e f f e c t s  of  l i g h t  q u a l i t y  on photosynthes i s  and p h o t o r e s p i r a t i o n .  

The e f f e c t s  o f  l i g h t  q u a l i t y  on p l a n t s  which have photo- 
, 

r e s p i r a t i o n  ( r a d i s h  leaves]  was measured and compared t o  t h e  

e f f e c t s  of  l i g h t  q u a l i t y  on p l a n t s  which do n o t  have photo- 

r e s p i r a t i o n  ( co rn ) .  Act ion s p e c t r a  were determined i n  t h e  

r eg ion  where appa ren t  photosynthes i s  i s  p r o p o r t i o n a l  t o  l i g h t  

i n t e n s i t y .  The a c t i o n  s p e c t r a  f o r  r a d i s h  leaves  were measured 

a t  cons t an t  i n c i d e n t  energy and cons t an t  i n c i d e n t  quanta  a t  2 

and 21% O2 and 300 p , 1 / 1  C 0 2  The pe rcen t  i n h i b i t i o n  of  

appa ren t  photosynthes i s  due t o  21% 0  a t  each wavelength was 2  

found t o  b e  cons t an t .  The C 0 2  compensation p o i n t s  a t  21% 0 
2 

f o r  l i g h t  i n t e n s i t i e s  g r e a t e r  than t h e  l i g h t  compensation p o i n t  

were found t o  be  t h e  same f o r  t h e  wavelength r eg ions  used. 

A r educ t ion  of t h e  l i g h t  compensation p o i n t  a t  665 nm and 

CO concen t r a t i ons  was found a t  21% 0 
2 2 ' 

The compensation 

p o i n t  a t  21% 0 was found t o  be  reduced i n  4% 0 by t h e  
2  2 

low 

same amount f o r  wavelengths from 435 t o  665 nm. The a c t i o n  

spectrum f o r  corn a t  21% 0 and 300 p , 1 / 1  C 0 2  was found t o  be 
2 

una f f ec t ed  by a  r educ t ion  i n  t h e  O2 concen t r a t i on  t o  2% 0 
2 '  



iii 

The amino a c i d  f r a c t i o n  of t h e  carbon-14 l a b e l l e d  produc ts  

of photosynthes i s  i n  soybean leaves  us ing  narrow wave bands 

of  t h e  v i s i b l e  spectrum i n  t h e  b l u e  t o  yellow reg ion ,  was 

found t o  b e  una f f ec t ed  by l i g h t  q u a l i t y .  A s t i m u l a t i o n  of 

t h e  accumylation of  suc rose  was found i n  t h e  b l u e  l i g h t  (450 nm) 

when compared t o  t h e  green  o r  yellow wavelengths o r  whi te  l i g h t .  

The s i z e  o f  t h e  pos t - i l l umina t ion  CO b u r s t  from soybean 
2 

l e aves  was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r a t e  of  photosynthes i s  

b e f o r e  t h e  onse t  of  darkness  and was found t o  be  una f f ec t ed  by 

t h e  wavelength of  l i g h t  i n  t h e  preceding l i g h t  pe r iod .  The 

peak of  t h e  b u r s t  a t  21% 0  was found t o  occur w i t h i n  8  s e c  
2 

a f t e r  t n e  o n s e t  o f  darkness  and l a s t e d  f o r  about 5 s e c  b e f o r e  

beginning t o  decrease .  No C02 b u r s t  was found f o r  l eaves  a t  

2% 0  b u t  t h e  k i n e t i c s  of  t h e  decay of photosynthes i s  and t h e  
2  

con t inua t ion  o f  o r  i nduc t ion  o f  dark r e s p i r a t i o n  a t  2 and 

21% 0  appeared t o  b e  l inked .  The s i z e  o f  t h e  b u r s t  was 
2  

found t o  be  about  8% l a r g e r  than  t h e  decrease  i n  photosynthes i s  

produced by 21% O 2  when compared t o  t h e  r a t e  a t  2% 0  
2 ' Sudden 

dec reases  i n  t h e  l i g h t  i n t e n s i t y ,  from 38 t o  100% o f  t h e  

o r i g i n a l  i n t e n s i t y ,  were found t o  produce an apparen t  CO b u r s t  
2  

even when t h e r e  was s t i l l  a  h igh  r a t e  of photosynthes i s  a f t e r  

t h e  i n t e n s i t y  change. 



3igh s p e c i f i c  a c  t i v i t y  14c02 fecd ings  a t  four  CO 2 

compensation p o i n t s  produced by four  d i f f e r e n t  o2 concentra-  

t i o n s  i n d i c a t e d  t h a t  (1) t h e  r a t e s  of  C 0 2  exchange a t  t h e  

CO compensation p o i n t s  i nc reased  wi th  l i g h t  i n t e n s i t y  
2 

even though t h e  compensation p o i n t s  d i d  no t  change, ( 2 )  
* 

t h e  r a t e s  o f  C 0 2  exchange a t  t h e  compensation p o i n t  and 10% 

0 were comparable t o  t h e  r a t e  of  C 0 2  uptake a t  2% 0 and t h e  
2 2 

same CO concen t r a t i on  and ( 3 )  t h e s e  r a t e s  of C 0 2  exchange 
2 

i n c r e a s e d  a t  h ighe r  compensation p o i n t s  b u t  tended t o  

s a t u r a t e  above 40% 02. 

These r e s u l t s  would i n d i c a t e  t h a t  p h o t o r e s p i r a t i o n  i s  

n o t  a b l u e  l i g h t  s t imu la t ed  p roces s  wi th  s p e c i a l  pigments 

b u t  t h a t  i t  i s  very  c l o s e l y  l i nked  t o  photosynthes i s  and h a s  

a r a t e  t h a t  i s  much h igher  than  t h e  r a t e  of  r e s p i r a t i o n  i n  

t h e  dark.  
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PROLOGUE 

"photorespi ra t ion  . . . . . a d i r e c t  photochemical acce lera-  
t i o n  of  normal r e s p i r a t i o n  which disappears  i n  the dark a s  
ins tantaneous ly  a s  does photosynthesis .  The p o s s i b i l i t y  of 

such an e f f e c t  i s  a nightmare oppressing a l l  those who a r e  
Concerned with exac t  measurement of t r u e  photosynthesis ."  

TO measure what might be c a l l e d  the t r u e  r a t e  of photo- 

synthes is  by a l e a f ,  it would be necessary t o  measure the 

a c t u a l  n u d e r  of C O ~  molecules reduced t o  some organic  

compound per  u n i t  time. This would include CO from the 2 

Outside of the l e a f  and C02 which was being re l eased  by 

r e s p i r a t o r y  processes within the l e a f .  Some of t h i s  co 2 

released ins ide  the l e a f  would a l s o  escape t o  the ou t s ide  

of the l e a f .  The measurements of r a t e s  of photosynthesis  

u s i n g  an i n f r a r e d  C02 gas analyser  ind ica te  only the  n e t  

r a t e  of co2 uptake i n  the  l i g h t  which i s  the d i f f e r e n c e  

between the  co2 t h a t  i s  e n t e r i n g  the l ea f  

i s  leaving  the l e a f .   his n e t  C02 uptake 

and the C02 that 

i s  normally 

r e f e r r e d  t o  a s  apparent  photosynthesis ( A P S ) .  I t  i s  very 

d i f f i c u l t  t o  measure e i t h e r  of  the two a c t u a l  r a t e s  of co 2 

exchange a t  the sur face  of the l e a f .  



what allowance t o  make fo r  r e s p i r a t i o n  in  the l i g h t  

has  been a  s u b j e c t  of controversy f o r  s t u d i e s  of quantum 

e f f i c i e n c y  of  photosynthesis ,  primary p roduc t iv i ty ,  gene t i c  

s e l e c t i o n  of p l a n t s  f o r  crops with the h i g h e s t  photosynthe t ic  

capac i ty ,  intermediary metabolism, and o ther  a reas  of research .  

U n t i l  r e c e n t l y  most workers when cor rec t ing  measurements 

fo r  r e s p i r a t t o n  have assumed t h a t  dark r e s p i r a t i o n  continued 

on a t  the same r a t e  i n  the l i g h t  and used t h i s  a s  t h e i r  

value.  Recently t h i s  concept has been questioned and 

d i f f e r e n t  l i n e s  of research  have given support  t o  the  theory 

t h a t  dark r e s p i r a t i o n  i s  replaced o r  supplemented i n  the  l i g h t  

by a  d i f f e r e n t  process  c a l l e d  photorespi ra t ion .  

~ f  a  l e a f  i s  kept  a t  2% 0  r a t h e r  than 21% 0 2 ,  it 
2 

apparent ly  does n o t  evolve any C02.  The r e s u l t i n g  r a t e  of 

Cop uptake has been c a l l e d  t r u e  photosynthesis  by some authors  

b u t  i t  does n o t  include any C02 from r e s p i r a t i o n  i n  the l e a f  

which might be r e f ixed  before it can escape t o  the ou t s ide  of 

the  l e a f .  Dark r e s p i r a t i o n  i s  unaffected by 0  concent ra t ions  2 

g r e a t e r  *an 2%. The e f f e c t  of O2 and l i g h t  on CO r e l e a s e  
2 

dur ing  photosynthesis  i s  i n t e r p r e t e d  a s  evidence t h a t  photo- 

r e s p i r a t i o n  is  s t imulated by O2 concentrat ions from 2 t o  

100% O2 ( 6 * )  and inc reases  with l i g h t  i n t e n s i t y  ( 2 1 ) .  

* Prologue re fe rences  begin on page 134 



I t  has a l s o  been found t h a t  when a  photosynthesizing l e a f  which 

has  p h o t o r e ~ p i r a t i o n  i s  switched from l i g h t  t o  dark ,  i t  has  a  

very high r a t e  of r e sp i ra t ion  f o r  about the f i r s t  minute a f t e r  

it i s  placed i n  the  dark (a post- i l luminat ion b u r s t ,  PIB) 

before t h i s  high r a t e  decreases  t o  the normal dark r a t e  of 

r e s p i r a t i o n .  The s i z e  of  the P I B  has been shown t o  increase  

with increas ing  l i g h t  i n t e n s i t i e s  below l i g h t  s a t u r a t i o n  of 

photosynthesis  used i n  the preceding l i g h t  period ( 2 0 ) .  

Plants  which have photorespi ra t ion  b u t  a r e  a t  2% 0 do n o t  
2 

show any s igns  of t h i s  P I B .  

Blue l i g h t  of low i n t e n s i t y  has been reported t o  

s t imula te  r e s p i r a t i o n  i n  algae ( 1 2 )  and higher  p l a n t s  ( 2 2 )  

and t o  s t imula te  photorespi ra t ion  in  some other  higher  p l a n t s  

(17, 8 )  . A blue l i g h t  s t imula t ion  of the production of 

amino ac ids  (1, 23 )  and a l s o  of g lyco l i c  acid i n  a lgae  grown 

i n  blue l i g h t  (19) has been repor ted .  Since g l y c o l i c  ac id  

has been proposed a s  a poss ib le  s u b s t r a t e  fo r  photorespi ra t ion  

( 2 4 ,  25, 2 6 ,  27) it may be t h a t  the e f f e c t s  of blue l i g h t  

on r e s p i r a t i o n  and g lyco la te  metabolism a r e  connected. 

I f  photorespi ra t ion  i s  a t r u l y  l igh t -ac t iva ted  process 



then i t  might be  expected t o  respond t o  d i f f e r e n t  wavelengths 

Of l i g h t  i n  a  manner t h a t  i s  not the  same a s  t h e  a c t i o n  

spectrum of  photosynthesis.  I t  has been found t h a t  some 

p l a n t s  a r e  unable t o  remove a l l  of t h e  C02 from a  closed 

chamber. The co2 concentrat ions a t  which t h e  equi l ibr ium 

between co2 uptake and C02 evolut ion by the  l e a f  a r e  equal 

i s  c a l l e d  t h e  C02 compensation poin t .  I f  any p a r t i c u l a r  

Wavelength of l i g h t  were t o  s t imula te  CO 2 evolu t ion ,  then 

a t  t h i s  wavelength the re  should be an inc rease  i n  t h e  

.compensation po in t  r e l a t i v e  t o  t h e  value a t  any o the r  wave- 

length  of  l i g h t .  

~ h u s  t h e r e  was evidence t h a t  the  r a t e  of CO evolut ion 2 

f rom leaves  inc reases  i n  b lue  l i g h t ,  t h a t  t h e  CO evolved 2 

i n  t h e  l i g h t  may come from the  g lyco la te  pathway i n  t h e  

l e a f  and t h a t  b lue  l i g h t  s t imula tes  the  production of 

g lyco la te .  A s e r i e s  of experiments was s e t  up t o  determine 
i I 

whether photorespi ra t ion  was r e a l l y  a  process  s t imulated by 

b l u e  l i g h t  and a  d i f f e r e n t  process  from dark r e s p i r a t i o n .  

The f i r s t  s e r i e s  of experiments (Chapter 1) were 

designed t o  measure t h e  a c t i o n  spectrum of photosynthesis  

over t h e  v i s i b l e  p a r t  of t h e  spectrum a t  21% 0 f o r  leaves  2 

t h a t  have photorespi ra t ion  ( radish)  and fo r  leaves  t h a t  a r e  



r epor ted  t o  havc no p h o t o r e s p i r a t i o n  ( c o r n ) .  These a c t i o n  

s p e c t r a  wcrc then comparcd wi th  t h e  a c t i o n  s p e c t r a  f o r  t h e  

samc l eaves  a t  2% 0  where i t  has been repor ted  t h a t  photo- 
2 

r e s p i r a t i o n  appears  t o  bc  g r e a t l y  reduced. This  was c a r r i e d  

o u t  a t  bo th  normal CO concent ra t ions  (300 pl/l) and a t  low 
2 

C02  conccn t ra t ions  ( < GO pl/l) . 

I n  previous  unpubli shcd a t tempts  t o  measure an a c t i o n  

spectrum f o r  p l ~ o t o s y ~ ~ t h c s i s  and p h o t o r e s p i r a t i o n ,  i t  was 

found t l ~ a t  i f  narrow band-pass f i l t e r s  were used t h e r e  was 

i n s u f  f i  c i c l l t  energy a v a i l a b l e  f o r  a c c u r a t e  mcasurcment o f  

t h c  r c su l t j r lg  r a t c s  o f  n e t  CO f i x a t i o n .  The 5,000 w a t t  2 

xenol~ a r c  lalnp was found t o  havc s u f f i c i e n t  energy t o  c a r r y  

ou t  t l lcsc mcnsurcmcnts. The f i l t e r s  used f o r  t h e  c o n t r o l  of  

l i g h t  cluali ty ancl i n t e n s i t y  a r c  descr ibcd  i n  Appendix A. TO 

f a ~ i . l . i t ; ~ t ~ \  mcx;lsurcinc~its o f  t h e  t o t a l  energy and s p e c t r a l  

r a t e s  o f  net co cxcht~nye f o r  t h e  l e a v e s ,  computer programs 
2 

UP a n d  arc. clc.sc.ribc.d i n  ~ppcnc l i ccs  B and C.  

Thc s c c o l ~ ~ l  sscrics of expcrirncnts (Chapter 2 )  was c a r r i e d  

O u t  t o  t r y  t o  dptpr lu ino  whether b l u e  o r  green l i g h t  had a n  

e f f e c t  on the s i z p  of t h c  pos t - i l lumina t ion  b u r s t  from leaves .  



A k i n e t i c  a n a l y s i s  of  t h e  P I B  was c a r r i e d  o u t  over t h e  f i r s t  

1 6  sec a f t e r  t h e  onse t  of  darkness  i n  an a t t empt  t o  o b t a i n  

informat ion  which would h e l p  t o  determine whether t h e  P I B  

was connected i n  some way t o  t h e  r a t e  of  r e s p i r a t i o n  which 

was going on i n  t h e  previous  l i g h t  per iod  o r  whether i t  was 

an  o x i d a t i o n  p r o c e s s  which commenced wi th  t h e  o n s e t  o f  

darkness .  

S ince  p h o t o r e s p i r a t i o n  h a s  been shown t o  depend on 

r e c c l ~ t  p roduc t s  of  photosynthesi  s and a  b l u e  l i g h t  s t i m u l a t i o n  

of  t h e  o x i d a t i o n  o f  t h i s  photosynthate  might p o s s i b l y  be 

masked by t h e  g a s  exchange techniques being used i n  t h e  o the r  

expcriments ,  ChapCcr 3 d e s c r i b e s  a pre l iminary  study of  t h e  

14 C-products of photosynthcs i  s  using l i g h t  from t h e  b l u e  t o  

t h e  yellow r c g i o n s  of t h e  spectrum i s o l a t e d  wi th  narrow 

band - pass  f i l t e r s .  

During t h e  expcrimerlts i n  Chapter 2, t h e  problem a rose  

a s  t o  what  t h e  co compensation p o i n t  r e a l l y  r ep resen ted ,  
2 

What a r c  t h e  a c t u a l  r a t e s  of CO exchange a t  t h e  compensation 2 

p o i n t  and a r c  they  a f f e c t e d  by l i g h t  i n t e n s i t y  and 0 2 

conccntr ; , t j  on? TO answer thi. s ques t ion ,  experiment s  us ing  

h igh  specific a c t i v i t y  14C02 f o r  feedings  a t  t h e  CO 2 

compensation p i n t  were c a r r i e d  ou t  and a r e  desc r ibed  i n  



Chapter 4 .  Appendix D d e s c r i b e s  experiments c a r r i e d  o u t  t o  

determine the  s e n s i t i v i t y  of the  i n f r a r e d  C 0 2  gas ana lyse r  

14 
t o  C 0 2 .   his information was requi red  before  t h e  e x p e r i -  

ments of  Chapter 4 could be at tempted.  

Pho to resp i ra t ion  a s  def ined  by ~ a b i n o w i t c h  i s  only  

measured by the  i so tope  techniques i n  Chapter 4 .  Chapters 1 

and 2 depend on t h e r e  be ing  a  high 0 requirement  f o r  photo- 2 

r e s p i r a t i o n .  Chapter 2 a l s o  r e q u i r e s  a  con t inua t ion  of  a  

c o n s t a n t  r a t e  of p h o t o r e s p i r a t i o n  f o r  a  f e w  seconds a f t e r  a  

change i n  the  r a t e  of  photosynthes is  due t o  a  r educ t ion  i n  the  

l i g h t  i n t e n s i t y .  



C h a p t e r  1 

Photosynthesis: A c t i o n  Spectra f o r  Leaves 

i n  N o r m a l  and L o w  Oxygen 



INTRODUCTION 

There  i s  much ev idence  a v a i l a b l e  (22) t o  suppor t  t h e  

t h e o r y  t h a t  many p l a n t s  g i v e  o f f  CO i n  t h e  l i g h t  by a  
2 

p r o c e s s  t h a t  i s  n o t  t h e  same a s  t h e  one r e s p o n s i b l e  f o r  t h e  

e v o l u t i o n  of  CO i n  t h e  dark.  ~ i x a t i o n  of  CO by p h o t o s y n t h e s i s  
2 2  

makes t h e  d i r e c t  measurement of  CO e v o l u t i o n  i n  t h e  l i g h t  
2 

( ~ h o t o r c s ~ i r a t i o n )  clif f i c u l t .  A comparison o f  t h e  ma jar 

methocls f o r  e s t i m a t i n g  t h e  r a t e  o f  p h o t o r e s p i r a t i o n  h a s  been 

made by 11cw ( 9 ) .  He found t h a t  t h e  methods o f  Decker ( 5 ) ,  

Tregunna e t  a l .  ( 1 3 ) ,  Bidwel l  (1) and t h e  d i r e c t  measurement 

o f  C02 e v o l u t i o n  i n t o  CO - f r e e  a i r  gave s i m i l a r  v a l u e s .  2  

Whcthcr p h o t o r e s p i r a t i o n  i s  a  t r u e  l i g h t  s t i m u l a t e d  

process w i t h  i t s  own pigments i s  n o t  known. There  i s  

ev idcncc  t h a t  b l u e  l i g h t  o f  low i n t e n s i t y  s t i m u l a t e s  r e s g i r a -  

ti011 i n  C h l o r c l l a  -- (13) . ~ o s k r c s e n s k a y a  (21) h a s  shown t h a t  

s h o r t  wave r a d i a t i o n  (400 t o  580 mp)  01 low i n t e n s i t y  

sti mula tcs  o>;ygen up take  i n  tobacco and broadbean l e a v e s .  

Poskuta has  r e p o r t e d  a t h r e e  f o l d  i n c r e a s e  i n  p h o t o r e s g i r a t i o n  

i n  b l u e  l i g l ~ t  r c l a t l v c  t o  t h e  r a t e  i n  r e d  l i g h t  f o r  s p r u c e  ( 1 7 ) ,  

whea t ,  soybean,  o l c o n d c r ,  and s w i s s  chard  (16) . On t h e  o t h e r  

hand,  p l a n t s  unab]p t o  c a r r y  o u t  p h o t o s y n t h e s i s  a r e  a l s o  



unable t o  c a r r y  o u t  p h o t o r c s p i r a t i o n  ( 6 ,  1 0 ) .  

~f t h e  a c t i o n  s p e c t r a  of  photosynthes is  and photo-  

r e s p i r a t i o n  a r e  d i f f e r e n t ,  then the a c t i o n  spectrum of  

pho tosyn thes i s  measured a t  21% 0 i s  r e a l l y  a  composite of  
2 

t he  a c t i o n  s p e c t r a  of  photosynthes is  and p h o t o r e s p i r a t i o n .  

I t  h a s  been rcpor  ted t h a t  p h o t o r e s p i r a t i o n  i s  g r e a t i y  reduced 

by lowering the  oxygen concent ra t ion  from 21% 0 t o  2% o2 2 

( 7 ,  1 9 ) .  ~ h u s  the  d i f f e r e n c e  between the  a c t i o n  s p e c t r a  of 

n e t  ~0~ uptake a t  2% O2 and 21% O2 may be used t o  r e p r e s e n t  

thc a c t i o n  spectrum of  p h o t o r c s p i r a t i o n .  ~jejrkman ( 2 )  has  

r e p o r t e d  t h a t  the  p e r c e n t  i n h i b i t i o n  of n e t  CO uptake due t o  2 

21% 0 is g r e a t e r  i n  f a r  red  1-ight (40% a t  704 mp)  than i n  r e d  
2 

l i g h t  (31% a t  654 m y )  f o r  Plant.= a t  low l i g h t  i n t e n s i t i e s  

-2 -1 
( l e s s  than 511E.cm s c c  absorbed) . He a l s o  r e p o r t e d  t h a t  the  

Percent-. i n l l i b i t i o n  of  n e t  Co2 uptake caused by 21% 0 when 2 

c0mp;lred t o  the  r a t e  a t  0 . 2 %  0 i s  the  samc f o r  wavelengths 2 

of l i g h t  from 440 t o  700 m p  f o r  ~ i m u l u s  c a r d j - n a l i s  ( 3 ) .   he 

f ~ l l ~ ~ i . ~ g  rcpor  t d e s c r i b e s  cxpcrimen ts which compare the  

a c t i o n  s p e c t r a  of apparent  p h o t o s y ~ ~ t h c s i s  a t  21% and 27: 

oxygen f o r  r a d j  sh, a  plant-  which has  p h o t o r c s p i r a t i o n ,  and 

f o r  c o r n ,  a p l a n t  which i.s repor ted  t o  have no p h o t o r e s ~ i r a -  



pl/l CO and a.t t h e  CO compensation po in t .  
2 2 

MATERIALS AND METHODS 

Radish and corn p l a n t s  werc grown from seed i n  p o t s  of 

garden s o i l  and kept  i n  a  greenhouse a t  13' t o  24'. The day 

l e n g t h  was he ld  a t  16  h r  by t h e  use of f l u o r e s c e n t  l i g h t i n g .  

Twenty day o l d  r a d i s h  p l a n t s  and f i f t y  day o l d  corn p l a n t s  

were moved t o  a  growth chalnbcr which was maintained a t  a  

day/nicjht temperature of 25'/17' wi th  a  16  h r  photoperiod 

of 1000 f t - c  suppl ied  by Sylvania  grow lux  f l u o r e s c e n t  tubes  

supplc~nented wi th  i n c a ~ l c s c e n t  lamps. The p l a n t s  were kep t  i n  

t h e  growth chamber f o r  a t  l e a s t  two days b e f o r e  being uscd. 

The r a d i s h  l eaves  t o  be  uscd werc no t  f u l l y  espandcd and 

werc selected f o r  a c r o s s  s e c t i o n a l  a r e a  of  about  9 sq. cm. on 

one s i d e ,  A n  indiv.i dual  a t t a c h e d  b lade  was sea led  i n  a 

p lexic j lass  cha l~~ber  which was blackened on t h e  o u t s i d e  except 

2 
f o r  a  9. 6 cm c i rcu la l -  a r e a  on t h e  f r o n t  t o  permit  t h e  passage 

of l i g h t .  Leaf temperature was cont inous ly  recorded by a 

copper-constantan thcrmocouplc loca tcd  i n  t h e  l c a f  chamber on 

t h c  darkened s i d e  of t h e  l e a f .  

For t h e  corn l e a f ,  two c i r c u l a r  chambers were clamped 



t o g e t h e r ,  one on e i t h e r  s i d e  of t h e  l e a f ,  enc los ing  9 . 6  crn 2 

of  l c a f  t i s s u e .  The f r o n t  of  t h e  chzmber was c l e a r ,  t h e  back 

and s i d e s  of  t h e  chamber were b lack .  The a i r  s t ream pass ing  

through t h e  chamber was s p l i t  t o  pass  over both  s i d e s  of  t h e  

l e a f  and r e  joined o u t s i d e  t h e  chamber. 

Both an open and a  c losed  system were used t o  measure 

r a t e s  of  n e t  C o 2  uptake (apparent  photosynthes is ,  A P S )  i n  

d i f f e r e n t  wavelength regions  of  t h e  spectrum and a t  d i f f e r e n t  

Oxygen concen t ra t ions .  

I n  t h e  c losed  system, a i r  was c o n t i n u o u s ~ y  c i r c u l a t e d  

th rour~h  t h e  l e a f  chamber, flow meter,  and i n f r a r e d  C02 gas 

a n a l y s c r  ( ~ c c h a n ,  Model 215) a t  2 . 5  l /min .  The gas  a n a l y s e r  

(IRGA) was s t andard ized  a t  t h e  s t a r t  and f i n i s h  of  each d a y ' s  

expcrirncilts usi.ng s t andard  gas  mixtures of 350 and 100 pl/l 

C o 2  from Matheson of Canada Ltd. The volumes o f  t h e  systems 
I .  

i nc lud ina  - t h e  chantbcr were 21656 m l  f o r  t h e  corn.  ~noh7ing 

t h e  volume o f  t h e  systent and t h e  r a t e  of  disappearance of CO 2 

from t h i s  volume, t h c  r a t e  of  apparent  photosynthes is  f o r  a 

4 
given co conccn t ra t ion  can be c a l c u l a t e d .  The 0  concen t ra t ion  

2  2 i 
Was measured w i t h  a Beckman oxygcn e l e c t r o d e  ( ~ o d e l  7 7 7 )  . 

An a t t a c h e d  l c a f  was pl.accd i n  t h e  plexi .glass  chamber i n  



w h i t e  l i g h t  of  2 , 5 0 0  f t - c ,  t h e  C02 c o n c e n t r a t i o n  was h e l d  

a t  3 2 5  pl/l. A f t e r  a  c o n s t a n t  r a t e  o f  a p p a r e n t  p h o t o s y n t h e s i s  

had been reached  ( i n  abou t  3 0  min) t h e  system was c l o s e d  and 

t h e  C02 c o n c e n t r a t i o n  i n  t h e  system reco rded  w i t h  t ime  down 

t o  t h e  C02 compensation p o i n t .  The system was t h e n  f l u s h e d  

w i t h  t h e  s t a n d a r d  g a s  mix tu re  ( 3 5 0  pl/l C02 i n  a i r ) ,  c l o s e d ,  

and  t h e  C02 c o n c e n t r a t i o n  r eco rded  t o  t h e  compensation p o i n t .  

The l i g h t  i n t e n s i t y  o r  q u a l i t y  was then  changed and t h e  c y c l e  

r e p e a t e d .  The r a t c  o f  a p p a r e n t  p h o t o s y n t h e s i s  f o r  d i f f e r e n t  

CO c o n c e n t r a t i o n s  was dctcrmincd f i r s t  a t  21% 0 and t h e n  a t  
2 2 

2.03:0.5% o2 f o r  a  g i v e n  l i g h t  q u a l i t y  and i n t e n s i t y .  ~t was 

found t h a t  t h e  subsequent  r a t e  o f  a p p a r e n t  p h o t o s y n t h e s i s  a t  

21% 0 was t h e  same a s  b e f o r e  t h e  low O2 t r e a t m e n t .  The r a t e  
2 

Of da rk  r e s p i r a t i o n  was measured a t  t h e  end o f  each  d a y ' s  

I n  t h e  open system,  g a s  o f  3 4 0  pl/l C02 and 2% O2 o r  

3 5 0  pl/l co2 and 21% O2 was pas sed  over  t h e  l e a f  a t  4 0 0  ml/min. 

The change i n  CO c o n c e n t r a t i o n  was measured w i t h  a Beckman 
2 

i n f r a - r c d  co a n a l y s e r  and t h e  f low r a t e  w i t h  a  Mathcson 
2 

flowrnctcr (model 3 0 2 ) .  The r a t c  o f  n e t  CO up take  was 2 

c a l c u l a t e d  from t h e  change i n  CO c o n c e n t r a t i o n  t imes  t h e  2 

f low r a t c .  ~ n  b o t h  t h e  c l o s c d  and open sys tems ,  a f t e r  any 



change i n  l i g h t  i n t e n s i t y  o r  q u a l i t y  a  f o u r  m i n u t e  a d a p t a t i o n  

p e r i o d  a t  350 ,1/1 CO was found t o  be s u f f i c i e n t  f o r  t h e  
2 

l e a v e s  t o  r e a c h  a  c o n s t a n t  r a t e  o f  a p p a r e n t  p h o t o s y n t h e s i - s .  

The r a t c s  o f  p h o t o s y n t h e s i s  a t  450 mp and  665 mk were  measured 

a t  t h e  s t a r t  and  end o f  e a c h  d a y ' s  e x p e r i m e n t s  t o  be s u r e  t h a t  

t h e  r a t c s  r emained  c o n s t a n t  d u r i n g  t h e  day a n d  t o  u s e  a s  a  

s t a n d a r d  i n  compar ing  t h e  r e s u l t s  r e c o r d e d  on d i f f e r e n t  days .  

Changes i n  g a s  f low r a t e s  above  350 ml/min i n  t h e  open s y s t e m  

w e r e  found t o  have  no s i g n i f i c a n t  e f f e c t  on t h e  r a t e  o f  

a p p a r e n t  p h o t o s y n t h e s i s .  

Dur ing  t h e  e x p e r i m e n t s ,  t h e  l e a f  was i l l u m i n a t e d  b y  a 

5 , 0 0 0  w a t t  xenon lamp. Tnc l i g h t  was f o c u s e d  w i t h  a  q u a r t z  

l e n s  a n d  p a s s e d  t h r o u g h  a  1 5  cm w a t e r  f i l t e r  a n d  a  h c a t  

f i l t e r  ( ~ i c r o l i t e )  . The i n t e r f e r e n c e  f i l t e r s  used  f o r  t h e  

i s o l a t i o n  o f  t h e  w a v e l e n g t h  r e g i o n s  were  B a l z e r  F i l t r a f l e x  

B-40 (IIW 1 1 1 1 )  and  S c h o t t  Depal  (HW 17rt3) .  The c o m b i n a t i o n  

O f  f i l t e r s  u s e d  r e d u c e d  t h e  s e c o n d - o r d e r  s p e c t r u m  t o  

less t h a n  1% t r a n s m i s s i o n .  The l i g h t  i n t e n s i t y  was 

c o n t r o l l e d  w i t h  ~ a l z ( ? r  n e u t r a l  d e n s i t y  f i l t e r s  a n d  r e c o r d e d  

w i t h  a  Yel low S p r i n g s  I n s t r u m e n t  Co. r a d i o m e t e r  ( ~ o d c l  65) . 

The s e n s i n q  p r o b e  was housed i n  a  b r a s s  h c a t  s i n k  t o  r e d u c e  

b a s e  l i r , ~  d r j  f t  due  t o  c x t c r n a l  t e m p e r a t u r e  f l u c t u a t i o n .  The 



l i g h t  i n t e n s i t y  a t  t h e  edge of  t h e  l e a f  was found t o  be  60% 

of t h a t  a t  t h e  cen te r .  Values r epor ted  he re  a r e  t h e  

i n t e n s i t i e s  a t  t h e  c e n t e r  of t h e  l e a f .  

An I S C O  spec t roradiomcter  was used t o  determine t h e  

e f f e c t s  of  high l i g h t  i n t e n s i t y  on t h e  s p e c t r a l  d i s t r i b u t i o n  

of t h e  i n t e r f e r e n c e  f i l t e r s .  The temperature on t h e  back 

s i d e  of  t h e  f i l t e r  inc reased  from 24' t o  29" lo a f t e r  1 / 2  

hour exposures t o  t h e  h igh  i n t e n s i t y  xenon lamp b u t  t h e  1 / 2  

band width of t h e  f i l t e r s  showed no measurable change. 

EXPERIMENTAL AND RESULTS 

A s e r i e s  of experiments was c a r r i e d  o u t  t o  f i n d  t h e  

r e l a t i o n s h i p  between apparent  photosynthes is  and l i g h t  

i n t e n s i t y  a t  each wavelength s i n c c  s a t u r a t i n g  l i g h t  i n t e n s i -  

t i e s  could no t  be obta ined  a t  a l l  wavelengths. Fig 1 

i l l u s t r a t e s  t h e  r e s u l t s  found f o r  two wavelengths on one 

day f o r  a  r a d i s h  l e a f .  The r a t e  of apparent  photosyrrthcsis 

w a s  p ropor t ional .  t o  t h e  l i g h t  i n t e n s i t y  over  the range of 

i n t e n s i t i e s  studi.ec1 ancl was found t o  bc s o  f o r  a l l  wavel.cngth 

reg ions  s t u d i e d  a t  bo th  21% 0 and 2% O2 f o r  r a d i s h  and a t  
2 

21% 0 f o r  corn.  S i m i l a r  r e s u l t s  were found using both  open 
2 



~ i q u r e  1 E f f e c t  of  l i g h t  i n t e n s i t y  on n e t  C 0  f ixa t i .on  ratcs - 2 

(APS) i n  attached r a d i s h  leaves a t  300 pl/l C 0 2  

and 21% O 2  f o r  narrow wavelength r e g i o n s  G19 mp 

and 450 mp. 





and c losed  systems. A minimum l i g h t  i n t e n s i t y  of  about  

4 - 2  -1 
0.75 x 10 e q s  cm s e c  was requ i r2d  f o r  n e t  CO f i x a t i o n  2 

a t  300 pl/l C 0 2  Resu l t s  from t h r e e  o r  more days '  experiments 

were used t o  make graphs o f  apparent  photosynthes is  vs  - 

i n c i d e n t  l i g h t  i n t e n s i t y  f o r  each wavelength region .  No 

fewer than twelve p o i n t s  f o r  r a d i s h  and e i g h t  p o i n t s  f o r  

4 -2  -1 
corn between t h e  va lues  of 3  x l o 4  and 7 x 10 e r g s  cm s e c  

were used f o r  any one wavelength. From t h e s e  r e s u l t s ,  va lues  

O f  apparent  photosynthes is  f o r  a  given l i g h t  i n t e n s i t y  a t  a 

g iven  wavelength were found by i n t e r p o l a t i o n .  The e s t i m a t e  of  

v a r i a n c e  of t h e  p r e d i c t e d  va lue  of t h e  pho tosyn the t i c  r a t e  

4 
(Y i n  ( 4 ) )  f o r  the s e l e c t e d  l i g h t  i n t e n s i t y  of  4.0 x 10 e r g s  

-2  -1 
cm s e c  v a r i e d  from k 2  t o  &5% depending on t h e  wavelength. 

Radish -- 

Fig 2 r c p r c s e n t s  t h e  a c t i o n  spectrum of  n e t  CO uptake 2 

by r a d i s h  l eaves  a t  300 ,,,1/1 C 0 2  and 21% 02. The r a t e  of  

apparen t  photosynthesis i s  r e l a t i v e l y  cons tan t  wi th  wavelength 

4 -2 -1 
f o r  a  c o n s t a n t  i n c i d e n t  energy of  4.0 x  10 e rgs  cm set 

from 435 mp t o  550 m l ~  w i t h  a  20% d i p  a t  520 mp. The r a t e  of  

apparen t  photosynthes is  then  i n c r e a s e s  wi th  i n c r e a s i n g  wave- 

l e n g t h  t o  a peak around 665 r n ~ ~  and then  drops r a p i d l y  f o r  wave- 

l e n g t h s  above 680 mp. The r a t i o  of t h e  peak r a t e s  a t  equal  



~ i g u r e  2 A c t i o n  s p e c t r a  of net CO f i x a t i o n  r a t e s  in at tached - 2 

radish l e a v e s  for c o n s t a n t  i n c i d e n t  energy and  fo r  





energi .es  o f  r e d  and b l u e  l i g h t  was red:b lue  equals  1.5:l.O. 

To o b t a i n  an  a c t i o n  spectrum a t  cons tan t  i n c i d e n t  quanta ,  t h e  

4 - 2  -1 number of quanta equal  t o  4.0 x 10 e r g s  cm sec  a t  547 mb 

was c a l c u l a t e d  and then  t h e  energy equal  t o  t h i s  number of 

quanta  c a l c u l a t e d  f o r  each wavelength. Using t h i s  va lue ,  

t h e  r a t e  of apparent  photosynthes is  f o r  t h i s  energy could be  

found from t h e  graphs  o f  apparent  photosynthes is  i n t e n s i t y  

by i n t e r p o l a t i o n  a s  before .  P l o t t e d  i n  t h i s  manner, t h e  

a c t i o n  spectrum i n  Fig 2 i n d i c a t e s  a  g r e a t e r  r a t e  of apparent  

pho tosyn thes i s  i n  t h e  b l u e  p a r t  of  t h e  spectrum than  f o r  an 

e q u i v a l e n t  number of quanta i n  t h e  r e d  wi th  t h e  same d i p  a s  

b e f o r e  i n  t h e  green  and t h e  same sharp  drop a f t e r  680 mp.  

These a c t i o n  s p e c t r a  r e p r e s e n t  n e t  CO uptake where both  2 

photosynthcs i  s and p h o t o r e s p i r a t i o n  occur.  I t  has  been shown 

t h a t  p h o t o r c s p i r a t i o n  has  a  high 0 requirement ( 7 ,  1 9 ) .  2 

Thercforc  any e f f e c t  of  p h o t o r e s p i r a t i o n  on t h e  a c t i o n  spectrum 

can be  e l imina ted  by measuring t h e  a c t i o n  spectrum fo r  

pho tosyn thes i s  a t  a  low O2 concent ra t ion .  Fig 3 i n d i c a t e s  

t h e  a c t i o n  spectrum of  apparent  photosynthes is  a t  300 p 1 / 1  C02, 

c o n s t a n t  i n c i d e n t  energy and 21% 0 2 ,  o r  2% 02. The g e n e r a l  

shapes o f  t h e  two curves a r e  s i m i l a r ,  b u t  t h e r e  i s  a g r e a t e r  

d i f f e r e n c e  between t h e  two curves a t  t h e  longer  wavelengths 



~ i g u r e  3 ~ c t i o n  s p e c t r a  of  n e t  C02 f i x a t i o n  r a t e s  i n  a t t a c h e d  

r a d i s h  l e a v e s  a t  2% 0 
2 and 21% O2 f o r  a c o n s t a n t  

4 -2 -1 i n c i d e n t  energy of  4.0 x 10 e r g s  cm sec and 



Wave leng th  ( m u )  



than  a t  t h e  s h o r t e r .  The r a t e s  of  apparent  photosynthes is  a t  

b o t h  0 concen t ra t ions  were a l s o  h igher  a t  t h e  longer  wave- 
2 

l e n g t h s  than a t  t h e  s h o r t e r .  Therefore  comparison of t h e  

a b s o l u t e  r a t e s  of photosynthes is  do no t  i n d i c a t e  c l e a r l y  

whether lowering t h e  0 concen t ra t ion  a l t e r s  t h e  shape of t h e  
2 

a c t i o n  spectrum of photosynthes is .  The comparison of shape 

was done by looking a t  t h e  p r o p o r t i o n a l  e f f e c t  of 0 on r a t e s  
2  

a t  d i f f e r e n t  wavelengths. 

A s tandard  va lue  of apparent  photosynthes is  o f  5 .5  mg 

-2 -1 
C02 dm h r  a t  21% 0 and 300 pl/l CO was chosen. The 

2  2  

i n t e n s i t y  o f  l i g h t  needed t o  g i v e  t h i s  r a t e  a t  each wavelength 
I 

was found from t h e  graphs  o f  apparent  pho tosyn thes i s  v s  

i n t e n s i t y .  us ing  t h i s  i n t e n s i t y ,  t h e  r a t e  of  apparent  photo- 

s y n t h e s i s  a t  300 p l . / l  C02 and 2% O2 was found f o r  each wave- 

l e n g t h ,  and t h e s e  va lues  were p l o t t e d  a s  shown i n  ~ i g .  4. 

The va lue  of dark r e s p i r a t i o n  (DR) i s  inc luded t o  i n d i c a t e  

i t s  s i z e  r e l a t i v e  t o  t h e  d i f f e r e n c e  between t h e  r a t e s  o f  

apparen t  photosynthes is  a t  21% and 2% 0 2 '  
The experimental  

e r r o r  found f o r  any one wavelength can account f o r  t h e  

d i f f e r e n c e s  i n  r a t e s  o f  apparent  photosynthes is  f o r  t h e  

d i f f e r e n t  wavelengths a t  2% 02. Thus a t  300 p 1 / 1  C02 t h e  

lowering o f  t h e  o concen t ra t ion  has  t h e  same e f f e c t  on 
2  



~ i q u r e  4 ~ f f e c t  of  lower ing  t h e  oxygen c o n c e n t r a t i o n  from 

21% t o  2% 0 f o r  c o n s t a n t  r a t e s  o f  n e t  co f i x a t i o n  2 2 I 
a t  21% 0 and  d i f f e r e n t  wavelengths  o f  l i g h t  f o r  

2 

a t t a c h e d  r a d i s h  l e a v e s .  DR is t h e  r a t e  o f  r e s p i r a t i o n  

a f t e r  30 minu tes  i n  t h e  dark .  





apparent  photosynthes is  a c r o s s  t h e  v i s i b l e  p a r t  of  t h e  

spectrum from 402 t o  700 mp. 

The a c t i o n  s p e c t r a  descr ibed  above were measured a t  

300 p,l/l CO where t h e  r a t e  of CO a s s i m i l a t i o n  i s  mucl~ 2 2 

g r e a t e r  than t h e  r a t e  of  CO product ion.  Any e f f e c t  of 
2 

l i g h t  q u a l i t y  on p h o t o r e s p i r a t i o n  would be more apparent  

where t h e s e  processes  have equal  r a t e s .  To see  i f  t h e  

d i r e c t  r e l a t i o n s h i p  between photosynthes is  and p h o t o r e s p i r a t i o n  

e x i s t s  a t  low CO concen t ra t ions ,  t h e  i n t e r a c t i o n s  among 
2 

l i g h t  i n t e n s i t y ,  oxygen concen t ra t ion ,  and C02 concen t ra t ion ,  

were s t u d i c d  a t  t h e  CO compensation po in t .  Typica l  r e s u l t s  
2 

f o r  t h e  w n v e l e ~ ~ g t h s  s t u d i e d  (450, 501, 547, 601, 665 m+) a t  

bo th  21% and 4% oxygen a r e  shown i n  Fig 5. The va lues  of t h e  

CO compcnsation p o i n t  a t  d i f f e r e n t  l i g h t  i n t e n s i t i e s  f o r  
2 

450, 501, 547, 601 mp a r e  combined i n  curve ( a ) .  Curve (b) 

1s f o r  665 m p .  The two curves a r e  no t  s i g n i f i c a n t l y  

-8 
d i f f e r e n t  f o r  i n t e n s i t i e s  g r e a t e r  than 0.7 x 10 e i n  

- 2  -1 
cm s e c  . For l i g h t  i n t e n s i t i e s  l e s s  than t h i s ,  t h e  C02 

compcnsation p o i n t  t ends  t o  be lower f o r  the longer  wavelength 

(665 mp8) t han  t h e  o t h e r  s h o r t e r  wavelengths even though t h e  

r a t c s  of apparent  photosynthes is  a t  300 i~1/1 CO and cons tan t  2 

q u ~ ~ n t a  i n  t h e  rcd a r e  s l i g h t l y  lower than those  i n  t h e  b l u e  



Figure 2 E f f e c t  of l i g h t  i n t e n s i t y  on t h e  CO compensation 
2 

p o i n t  f o r  a t tached rad i sh  leaves  a t  21% and 4% 0 
2 

f o r  wavelengths: (a) 601, 547, 501, 450 rnb and 

(b) 665 mp. 



A (a) 21% O2 

a (b) 21% o2 

(a) 4% O2 

(b) 4% o2 

8 -2 -1 
Light intensity 10 ein cm  sec 



r e g i o n  of  t h e  spectrum. For t h e  f i v e  wavelengths  s t u d i e d ,  t h e  

C02 
compensation p o i n t  was c o n s t a n t  f o r  l i g h t  i n t e n s i t i e s  

-8 -2 above 1.0 x 10 e i n  cm sec-I  ( l i g h t  compensation p o i n t  a t  

60 p , l / l  CO and 21% 0 ) and was independent  of  wavelength. 
2 2 

Under t h e s e  c o n d i t i o n s  e i t h e r  photosynthes i  s and pho to re sp i r a -  

t i o n  were l i g h t  s a t u r a t e d  (do no t  i n c r e a s e  w i t h  i n c r e a s i n g  

l i g h t  i n t e n s i t y )  o r  if pho tosyn thes i s  i n c r e a s e s  w i t h  i n c r e a s i n g  

l i g h t  i n t e n s i t y  t h e n  p h o t o r e s p i r a t i o n  must i n c r e a s e  by an  e q u a l  

amount. Thus p h o t o s y n t h e s i s  and p h o t o r e s p i r a t i o n  a t  l i g h t  - -  

i n t e n s i t i e s  above l i g h t  compensation p o i n t  a r e  d i r e c t l y  r e l a t e d  . 

a t  21% O 2  and low co2 c o n c e n t r a t i o n s  a s  w e l l  a s  a t  h i g h e r  co 2  

c o n c e n t r a t i o n s .  F ig  5 a l s o  shows t h e  e f f e c t  o f  lowering t h e  \ 

oxygen c o n c e n t r a t i o n  t o  4 p e r c e n t  on t h e  C 0 2  compensation 

-8 -2 -1 
p o i n t .  When l i g h t  was s a t u r a t i n g  (1.0 X 10 e i n  c m  s e c  ) 

t h e  C 0 2  compensation p o i n t  was lowered i n  p r o p o r t i o n  t o  t h e  

oxygen c o n c e n t r a t i o n ;  a t  lower l i g h t  i n t e n s i t i e s  t h e  curve  

changes more sha rp ly  from a  h o r i z o n t a l  l i n e  t o  a n  a lmos t  

v e r t i c a l  l i n e .  Lowering t h e  oxygen c o n c e n t r a t i o n  d i d  n o t  

cause  a  p r o p o r t i o n a l  r e d u c t i o n  i n  t h e  minimum l i g h t  i n t e n s i t y  

r e q u i r e d  t o  ach ieve  compensation. Dark r e s p i r a t i o n  was 

probably  c o n t r i b u t i n g  Co2 under t h e s e  cond i t i ons .  



Corn 

The a c t i o n  spectrum of n e t  CO uptake f o r  corn a t  300 2 

p l / l  C 0 2 ,  21% 0 and cons tant  i n c i d e n t  energy i s  shown i n  
2 

Fig 6. The spectrum i s  much l i k e  t h a t  f o r  r a d i s h  except f o r  a  

broader  d i p  i n  t h e  green  por t ion  of t h e  spectrum. The 

reduc t ion  of t h e  0  concent ra t ion  from 21% t o  2% had no 
--. 2  

s i g n i f i c a n t  e f f e c t  on t h e  r a t e s  of n e t  CO f i x a t i o n  a t  300 
2 

p1 /1  C 0 2  f o r  t h e  wavelength regions  t e s t e d  from 435 mp t o  

665 mp.  I t  was a l s o  found t h a t  f o r  a  given l i g h t  i n t e n s i t y ,  

t h e  curve of apparent  photosynthes is  ys- C 0 2  from 300 pl/l 

C02 
t o  l e s s  than  9 pl/l co was unchanged by lowering t h e  O 2  

2 

concent ra t ion  from 21% t o  2%. 

Since corn i s  repor ted  t o  have a  very low CO 2  compensation 

p o i n t  and t h e r e f o r e  no pho to resp i ra t ion ,  t h e  e f f e c t  of  l i g h t  

i n t e n s i t y  on t h i s  low compensation po in t  was s tud ied  t o  compare 

wi th  a s i m i l a r  curve f o r  r a d i s h  measured a t  4% 0  where photo- 2  

r e s p i r a t i o n  i s  considered t o  be g r e a t l y  reduced. Fig 7 shows 

t h a t  t h e  compensation p o i n t  remained very low f o r  l i g h t  in ten -  

-8 - 2  -1 
s i t i e s  g r e a t e r  than  0 . 3  x 10 e i n  cm sec  and was found t o  

be  cons tan t  and l e s s  than 9 p,1/1. C02. NO e f f e c t  of wavelength 

on t h e  C o 2  compensation p o i n t  a t  low l i g h t  i n t e n s i t i e s  was 

found. 



Fiqure  - 6 Act ion  spectrum of n e t  CO f i x a t i o n  r a t e s  i n  a t t a c h e d  
2 

I 
corn  l e a v e s  f o r  c o n s t a n t  i n c i d e n t  energy of  

4 - 2  -1 
4.0 x 10 e r g s  cm sec a t  300 pl/l C 0 2  and 





Figure  7 E f f e c t  of  l i g h t  i n t e n s i t y  on t h e  CO compensation - 2 

p o i n t  f o r  a t t a c h e d  corn l e a v e s  a t  21% o 
2 ' 



8 -2 -1 
Light intensity 10 ein cm sec 
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DISCUSSION 

The r a t e s  of  n e t  co2 uptake by r a d i s h  leaves  a t  300 

p 1 / 1  CO were measured f o r  l i g h t  i n t e n s i t i e s  below s a t u r a t i o n  
2 

b u t  above those  i n t e n s i t i e s  r equ i red  f o r  l i g h t  compensation. 

A t  t h e s e  i n t e n s i t i e s  n e t  C02 uptake was found t o  be  propor- 

t i o n a l  t o  i n c i d e n t  l i g h t  i n t e n s i t y  f o r  a l l  of  t h e  wavelength 

regions  s tud ied .  From t h e  graphs of apparent  photosynthesis  

vs l i g h t  i n t e n s i t y  a t  t h e  d i f f e r e n t  wavelength regions  o f  - 
t h e  v i s i b l e  p a r t  of  t h e  spectrum, r a t e s  o f  apparent  photo- 

s y n t h e s i s  a t  cons tant  energy o r  cons tant  quanta can b e  

s e l e c t e d  t o  p l o t  an a c t i o n  spectrum. These a c t i o n  s p e c t r a ,  

measured where bo th  photosynthesis  and pho to resp i ra t ion  occur ,  

can then be  compared wi th  a c t i o n  spec t ra  obta ined  under condi- 

t i o n s  where pho to resp i ra t ion  i s  considered t o  be  g r e a t l y  

reduced.. 

As i n d i c a t e d  by Fig 2 ,  i f  t h e  a c t i o n  spectrum i s  based on 

cons tan t  i n c i d e n t  energy, t h e  r ed  por t ion  of t h e  spectrum i s  ; 

more e f f e c t i v e  a t  ca r ry ing  ou t  photosynthesis  than e i t h e r  t h e  

b l u e  o r  green regions .  I f  t h e  comparison i s  made on t h e  b a s i s  -- 

of a cons tan t  number of quanta i n  each region of t h e  spectrum, 

, then t h e  b l u e  region of t h e  spectrum becomes a s  e f f e c t i v e  or 



even s l i g h t l y  more e f f e c t i v e  than t h e  r ed  p o r t i o n  of t h e  

spectrum. Considering t h a t  on a  normal sunny day, t h e  l i g h t  

from t h e  sun has an approximately equal i n c i d e n t  energy d i s t i -  

b u t i o n  a c r o s s  t h e  v i s i b l e  p a r t  o f  t h e  spectrum, t h e  cons tan t  

energy a c t i o n  spectrum may be  t h e  more meaningful i n  

i n d i c a t i n g  t h e  r e l a t i v e  con t r ibu t ion  of each p a r t  of t h e  

v i s i b l e  spectrum t o  n e t  CO f i x a t i o n .  To s e e  t h e  e f f e c t  of 
2 

CO evo lu t ion  i n  t h e  l i g h t  on t h e  a c t i o n  spectrum of photo- 
2 

s y n t h e s i s ,  Fig 3 compares t h e  r a t e s  of n e t  CO f i x a t i o n  a t  
2 

'21% 0 and 2% O2 and cons tant  i n c i d e n t  energy. The comparison 
2 

i n d i c a t e s  t h a t  t h e  CO evolu t ion  due t o  t h e  i n c r e a s e  i n  0 2 2 

concent ra t ion  i s  p r e s e n t  i n  a l l  p a r t s  of t h e  v i s i b l e  p a r t  

of  t h e  spectrum. The g r e a t e s t  d i f f e r e n c e  between t h e  r a t e s  

of n e t  CO f i x a t i o n  a t  2% 0  and 21% O2 occurs  a t  665 mk. I f  
2 2  

cons tan t  r a t e s  of photosynthesis  a r e  obtained a t  t h e  d i f f e r e n t  

wavelengths and 21% 02 ,  then  lowering of t h e  O2  concent ra t ion  

t o  2% t o  reduce pho to resp i ra t ion  r e s u l t s  i n  t h e  same i n c r e a s e  

i n  n e t  CO f i x a t i o n .  The above r e s u l t s  i n d i c a t e  t h a t  a t  a  
2  

cons tan t  CO concent ra t ion  and inc reas ing  l i g h t  i n t e n s i t y ,  
2 

t h e  i n h i b i t o r y  e f f e c t  due t o  0 i nc reases  with inc reas ing  
2 

apparent  photosynthesis  b u t  t h a t  t h e  percentage i n h i b i t i o n  of 

photosynthesis  i s  r e l a t i v e l y  cons tant .  



These r e s u l t s  confirm those found by Bj8rkman (3) f o r  

Solidaqo - v i raurea  and Mimulus c a r d i n a l i s  i n  which he found a  

cons tan t  percentage i n h i b i t i o n  of  C 0 2  f i x a t i o n  f o r  t h e  wave- 

l eng th  reg ions  s t u d i e s  a t  300 p l / l  C 0 2  when t h e  oxygen concen- 

t r a t i o n  was inc reased  from 0.2% t o  21% 02. Such e f f e c t s  have 

a l s o  been repor ted  previous ly  f o r  s t u d i e s  wi th  whi te  l i g h t  

( 2 ,  20) .  The percentage i n h i b i t i o n  of photosynthes is  due t o  

0 was no t  found t o  be g r e a t e r  a t  t h e  longer  wavelengths a s  
2  

h a s  been repor ted  e a r l i e r  (2)  . The r a t e  of apparent  photo- 

s y n t h e s i s  f o r  r a d i s h  a t  709 mp was very low being about 11% of 

t h e  r a t e  a t  654 mp f o r  equal  i n c i d e n t  quanta of 1 .0 x  

-2 -1 
e i n  cm sec  . The lowering of t h e  oxygen concent ra t ion  a t  

709 mp d id  i n c r e a s e  t h e  r a t e  of apparent  photosynthesis  a t  

t h i s  wavelength b u t  a c c u r a t e  reproducib le  r e s u l t s  were d i f f i -  

c u l t  t o  o b t a i n  due t o  t h e  very low r a t e s .  Since i n  h i s  

e a r l i e r  paper ( 2 )  Bj6rkman repor ted  r a t e s  of n e t  CO f i x a t i o n  
2  

a t  704 mp, equal  t o  about  38% of those  a t  654 mp f o r  equal  

-8 -2  -1 
i n c i d e n t  quanta ,  of  0.5 x  10 e i n  cm sec h i s  experimental  

cond i t ions  were apparen t ly  q u i t e  d i f f e r e n t  from ours .  

The i n c r e a s e  i n  n e t  CO f i x a t i o n  due t o  t h e  lowering of 
2 

t h e  O2 concent ra t ion  was no t  observed i n  corn. This  lack  \-__ . of 

response of  photosynthes is  t o  O2 concent ra t ions  from 2% 0 t o  
2 



21% 0 i n  corn was found f o r  a l l  wavelengths t e s t e d  and f o r  
2 

CO concent ra t ions  from 300 pl/l t o  t h e  C 0 2  compensation 
2 

p o i n t  of l e s s  than 9 p 1 / 1  C02.  

The a c t i o n  s p e c t r a  f o r  corn and r a d i s h  i n d i c a t e d  t h a t  

r a t e s  of apparent  photosynthesis  i n  21% 0 a r e  higher  i n  t h e  
2 

green  p a r t  of t h e  spectrum than might be expected from 

absorp t ion  s p e c t r a  of i s o l a t e d  c h l o r o p l a s t s  ( 1 2 ) .  The r a t i o  

o f  t h e  r a t e  i n  r e d ' l i g h t  t o  t h e  minimum i n  green l i g h t  was 

1.7:l.O f o r  r a d i s h ,  1.9:l .O f o r  wheat (11) and 1.6:l .O f o r  

Euphorbia m i l l i  (14) .  The r a t i o  of t h e  r a t e s  a t  equal  

energies  of r e d  and b l u e  l i g h t  was red:b lue  equals  1.5:l .O 

f o r  r a d i s h  a s  compared t o  1.3:  1 .0  f o r  wheat (11) and 1.1: 1.0 

f o r  Euphorbia m i l l i  (14) .  Thus whole leaves  appear t o  be very 

' e f f e c t i v e  i n  t h e i r  a b i l i t y  t o  use wavelengths of l i g h t  i n  t h e  

green and b lue  por t ions  o f  t h e  spectrum. The a c t i o n  s p e c t r a  

f o r  r a d i s h  and corn a r e  q u i t e  d i f f e r e n t  i n  shape from t h a t  

publ ished e a r l i e r  by Hoover f o r  wheat b u t  have s i m i l a r  peak 

r a t e s  around 440 and 660 mp and a  minimum a t  about 520 mp. 

The e f f e c t s  of O 2  on photosynthesis  a r e  not  c l e a r l y  under- 

s tood.  Severa l  explanat ions  a r e  poss ib le  f o r  t h e  i n h i b i t o r y  

e f f e c t s  of oxygen on n e t  CO f i x a t i o n  (20) .  Since t h e r e  i s  no 
2 

measurable i n h i b i t o r y  e f f e c t  of oxygen from 2% t o  21% on corn 



and other low compensation point plants, it seems unlikely 

that the large changes in net CO fixation that we observe 
2  

are primarily due to the effects of O2 on the photochemical 

steps of photosynthesis. 

The evidence given here that photorespiration and photo- 

synthesis are closely linked at all wavelengths in the 

visible part of the spectrum and that an increase in photo- 

synthesis is accompanied by a proportional increase in photo- 

respiration would support the findings of Hew and Krotkov (10) 

and Downtown and Tregunna (6). Hew and Krotkov (10) found that 

plants having their normal photosynthetic processes either 

inhibited or blocked by a mutation, also lacked photorespiration. 

Downtown and Tregunna ( 6 )  found that in wheat leaves which had 

their photosynthetic capacity blocked by 3- (3,4-dichlorophenyl) -1, 

1 dimethyl urea (DCMU), the C 0 2  that was evolved in the light 

was not due to photorespiration since it was insensitive to 

high O2 concentration and thus more likely due to dark 

respiration. Thus anything that appears to interfere with 

e 
photosynthesis also seems to gffect photorespiration. 

The above conclusions were also valid at the CO 
2  

compensation point where C 0 2  uptake and evolution are equal. 

There was no effect of changing wavelength on the CO 
2  



-8 
compensation p o i n t  f o r  i n t e n s i t i e s  g r e a t e r  than  1.0 x 10 

-2 -1 
e i n  cm sec  . This  more c r i t i c a l  t e s t  of  t h e  e f f e c t  of 

wavelength on t h e  i n t e r a c t i o n  between photosynthes is  and 

p h o t o r e s p i r a t i o n  d i d  i n d i c a t e  a  d i f f e r e n t i a l  e f f e c t  of 665 mp 

l i g h t  versus  t h e  e f f e c t  of s h o r t e r  wavelengths when energ ies  

-8 -2 -1 
l e s s  than 0.7 x 10 e i n  cm sec  were used. 

The  d i f f e r e n t i a l  e f f e c t s  of wavelength on t h e  CO 2 

compensation p o i n t  of r a d i s h  leaves  a t  low l i g h t  i n t e n s i t i e s  

may be  r e l a t e d  t o  r e p o r t s  by Kowallik and Gaffron ( 1 2 )  and 

Voskresenskaya ( 2 1 )  of  e f f e c t s  of  b l u e  l i g h t  on r e s p i r a t i o n .  

These e f f e c t s  a r e  probably not  r e l a t e d  t o  pho to resp i ra t ion .  

A s t imula t ion  of pho to resp i ra t ion  by b l u e  l i g h t  a t  t h e  

i n t e n s i t i e s  r epor ted  by Poskuta e t  a l .  (16, 17) was not  

found i n  r a d i s h  o r  soybean ( ~ u l l e y ,  unpublished) .  
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Chapter 2 

The post-illumination CO Burst and Its Possible 2 

 elations ship to Photorespiration 



INTRODUCTION 

I t  has been reported t h a t  the r a t e  of r e sp i r a t i on  fo r  

some green leaves in  the l i g h t  (photorespirat ion) i s  higher 

than i n  the dark (16) . I t  has a l so  been reported t h a t  

photorespirat ion increases with increasing l i g h t  i n t ens i ty  

and high o2 concentration and i s  thus no t  the same process 

a s  dark r e sp i r a t i on  which i s  unaffected by O2 concentrations 

g rea te r  than 2% O2 ( 5 ,  16) . 
When a green l ea f  i n  a i r  (350 p l / l  COZ,  21% 02 ,  balance 

N ) i s  switched from l i g h t  t o  dark,  there  appears t o  be a 
2 

high i n i t i a l  r a t e  of C02 evolut ion.  I t  has been proposed 

t h a t  t h i s  post- i l lumination CO 2 b u r s t  (PLB)  i s  a continuation 

of a high r a t e  of r e sp i r a t i on  which was proceeding i n  the 

l i g h t  (3,  1 2 )  .   his in t e rp re t a t i on  has been challenged (10) 

and, an a l t e r n a t i v e  has been proposed ( 2 ) .  

I • ’  the PIB i s  the extension of photorespirat ion in to  

the dark period,  it could be useful  a s  a quan t i t a t ive  measure- 

ment. Other approaches 

su f f e r  from the problem 

t o  the measurement of photorespirat ion 

of f i xa t ion  of C o 2  before it can leave 

the l e a f .  Samish and Koller attempt t o  co r r ec t  fo r  t h i s ,  but  

there  appears t o  be an e r r o r  i n  t h e i r  equation 6 (13) which 

would inva l ida te  the ca lcu la t ions .  



The r a t e  of photosynthes is  of  some l eaves  i s  n o t  a f f e c t e d  

by h igh  O2 concen t ra t ions  ( 6 ) .  These l eaves  a r e  r epor ted  

t o  have no pho to resp i ra t ion ,  no PIB (15) and a  metabol ic  

pathway f o r  t h e  f i x a t i o n  of CO 2 which i s  no t  t h e  sane a s  t h e  

Calvin cyc le  (8,  9) . 
The purpose of  t h e  following experiments was: (1) t o  

study t h e  e f f e c t  of O2  on t h e  k i n e t i c s  of t h e  PIB i n  a  p l a n t  

which h a s  pho to resp i ra t ion :  ( 2 )  t o  study t h e  e f f e c t  of 

l i g h t  i n t e n s i t y  and q u a l i t y  i n  t h e  preceding l i g h t  per iod  

on t h e  magnitude of t h e  PIB; (3)  t o  see i f  t h e r e  was any 

r e l a t i o n s h i p  between t h e  s i z e  of t h e  P I B  and t h e  i n h i b i t o r y  

e f f e c t  of 21% O2 on t h e  r a t e  of n e t  CO 2 f i x a t i o n  i n  t h e  

l i g h t  i n  2% 02: and (4) t o  study t h e  e f f e c t  o f  small changes 

i n  l i g h t  i n t e n s i t y  t o  determine whether t h e  P I B  can b e  

observed without darkening t h e  l e a f .  

MATERIALS AND METHODS 

Soybean p l a n t s  (Glycine max L. var .  Comet) were grown 

from seed i n  p o t s  of  garden s o i l  and kept  i n  a  growth 

chamber which was maintained a t  a day/night temperature of 

2S0/170 wi th  a  16  h r  photoperiod of 1,000 f t - c  suppl ied by 



f l u o r e s c e n t  and incandescen t  lamps. 

A s i n g l e  a t t a c h e d  soybean l e a f l e t  on the second 

t r i f o l i a t e  l e a f  was s e a l e d  i n  a p l e x i g l a s s  chamber and 

i l l u m i n a t e d  w i t h  whi te  l i g h t  o f  2,500 f t - c  from a 5,000 

w a t t  xenon lamp. The c o n t r o l  o f  t h e  l i g h t  i n t e n s i t y  and 

q u a l i t y  of  t h e  system i s  desc r ibed  i n  Appendix A .  The 

chamber i s  darkened on t h e  s i d e s  and back.  

The i n s i d e  o f  t h e  chamber is c y l i n d r i c a l  ( r a d i u s  = 

1.8 cm, dep th  = 0.6 c m )  w i th  four  f i n e  copper w i r e s  s e t  

i n  t h e  p l e x i g l a s s  t o  ho ld  t h e  l e a f  i n  t h e  c e n t e r  of  t h e  

chamber, e n s u r i n g  t h e  f low of  a i r  over  b o t h  s i d e s  o f  t h e  

l e a f .  The t o t a l  volume o f  t h e  chamber i s  6.4 m l  and wi th  

t h e  f low r a t e  o f  6 -66  ml/sec,  t h e  g a s  i n  t h e  chamber was 

changed about  once eve ry  second. An open ended gas  f low 

system was used.  Standard a i r  (350 $/1 c O Z ,  21 o r  2% 0 2 ,  

ba l ance  N ) was passed through one o f  t h e  c e l l s  o f  t h e  
2 

i n f r a r e d  gas  a n a l y s e r  (Beckman Model 2 l 5 ) ,  over  t h e  l e a f ,  

back through t h e  o t h e r  c e l l  o f  t h e  a n a l y s e r ,  through a f low 

m e t e r  and o u t  t o  atmosphere. The a n a l y s e r  was c a l i b r a t e d  f o r  

a f u l l  s c a l e  d e f l e c t i o n  o f  100 pl/l C 0 2  (265 - 365 pl/l CO*) 

and h a s  a s c a l e  ad jus tment  swi t ch  which expands 1/6 o f  

t h e  s c a l e  t o  f u l l  s c a l e ,  g i v i n g  a d i f f e r e n c e  o f  16 2/3 



p 1 / 1  CO a s  f u l l  s c a l e  d e f l e c t i o n  on a  10 cm n u l l  p o i n t  
2 . . 

recorder  (Riken  ensh hi Model SP-J2) .  A one hour adap ta t ion  

per iod  i n  whi te  l i g h t  and s tandard  a i r  was c a r r i e d  o u t  a t  

t h e  s t a r t  of each experiment. The l i g h t  i n t e n s i t y  and/or 

q u a l i t y  was then ad jus ted  t o  t h e  des i red  experimental  condi- 

t i o n s  and 15 min l i g h t ,  5  min dark cycles  were given. 

us ing  t h e  s tandard  a i r  and a  flow r a t e  of 400 ml/min 

t h e  t ime response of t h e  system was found by i n j e c t i n g  small  

amount of  CO (0.1 m l  of C02 i n  n i t rogen i n  < 1  sec )  i n t o  t h e  
2 

empty l e a f  chamber. The time f o r  any change i n  t h e  CO con- 
2  

c e n t r a t i o n  i n  t h e  l e a f  chamber t o  be  seen i n  t h e  IRGA was 

2 . 5  i 0.5  s e c  and t h e  time taken f o r  t h e  CO en te r ing  t h e  
2 

IRGA t o  reach t h e  e x i t  and begin leaving  was 1 2  k 0.5 sec .  

Since t h e  volume of t h e  IRGA measuring c e l l  i s  100 m l  and 

t h e  flow r a t e  i s  400 ml/min, i f  no mixing occurs i t  should 

have requ i red  15 s e c  f o r  t h e  CO t o  t r a v e l  from one end of 
2 

t h e  IRGA t o  t h e  o the r .  Thus, some mixing does occur b u t ,  

based on t h e  condi t ions  p r e s e n t ,  t h e  Reynolds number f o r  

t h e  gas  flow i n  t h e  IRGA measuring c e l l  i s  g r e a t e r  than 

t h e  c r i t i c a l  p o i n t  which should ensure t u r b u l e n t  r a t h e r  than 

laminar flow. 
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RESULTS AND DISCUSSION 

Kine t i c s  -- of t h e  Pos t - i l luminat ion  Burst  

Fig 1 i s  a  reproduct ion of t h e  g a s  exchange da ta  

4 
produced when a  soybean l e a f  i n  white  l i g h t  (17 x  10 e r g s  

-2 -1 
cm sec  between 400 and 700 nm) i s  placed i n  t h e  dark. 

The g a s  en te r ing  t h e  l e a f  chamber was 350 ,1/1 CO,. 21% 02. 

balance  N 
2' 

A s  t h e  C02 concent ra t ion  beg ins  t o  r i s e  a f t e r  

t h e  onse t  of  darkness ,  t h e  s c a l e  expansion switch i s  thrown 

a s  t h e  CO2 concent ra t ion  passes  350 ,l/l making t h e  CO 2 

concent ra t ion  readings  during r e s p i r a t i o n  more pronounced. 

The 2.5 sec time delay of t h e  system between changes i n  t h e  

C02 concent ra t ion  i n  t h e  chamber and t h e  time f o r  t h e s e  

changes t o  be recorded by t h e  IRGA i s  shown i n  Fig 1 and 

sub t rac ted  from a l l  o the r  r epor ted  readings.  I t  can be  

seen t h a t  t h e r e  i s  an abrup t  i n c r e a s e  i n  t h e  C02 concent ra t ion  

a s  measured by t h e  IRGA which reaches  a  cons tant  r a t e  of 

change a f t e r  about 7  sec  and t h i s  cons tant  s lope  l a s t s  f o r  

about  6 sec. The IRGA reading becomes g r e a t e r  than 350 pl/l 

CO a f t e r  13 sec. Th i s  reading reaches a  peak a f t e r  about 
2 

22 sec,  f a l l s  t o  a  s l i g h t  d i p  and then t ends  t o  l e v e l  o f f  

a f t e r  about  2 min. 

Fig 2 ( * * a o  *) shows t h e  IRGA recording of a  s i m i l a r  

graph (without t h e  s c a l e  expansion) compared t o  a  s impl i f ied  



F i g u r e  1 N e t  CO u p t a k e  and e v o l u t i o n  r a t e s  f o r  a  soybean 
2 

l e a f l e t  a t  21% O 2  d u r i n g  t h e  d a r k  p e r i o d  f o l l o w i n g  

a 1 5  min l i g h t  p e r i o d .  



mg CO, hr-' dm-* 



Figure  - 2 Net CO uptake and e v o l u t i o n  r a t e s  f o r  a  soybean 
2 

l e a f l e t  a t  21% O 2  du r ing  t h e  dark  pe r iod  fo l lowing  

a  1 5  min l i g h t  pe r iod .  ( " ' - )  is t h e  a c t u a l  I R G A  

r e c o r d i n g ,  (-- ) is t h e  C02 c o n c e n t r a t i o n  e n t e r i n g  

t h e  I R G A  based on t h e  changing s l o p e  of t h e  recorded  

CO c o n c e n t r a t i o n  i n  t h e  IRGA, ( r  r r )  i s  t h e  
2 

t h e o r e t i c a l  I R G A  r ead ing  based on t h e  c a l c u l a t e d  CO 
2 

c o n c e n t r a t i o n  e n t e r i n g  t h e  I R G A .  
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graph of t h e  C02 concent ra t ion  which must have been e n t e r i n g  

t h e  IRGA t o  produce t h e  IRGA recording (Fig 2 - ) Since 

t h e  concent ra t ion  of t h e  g a s  i n  t h e  IRGA i s  known a t  t h e  

onse t  of darkness  and i t  i s  t h e  same throughout t h e  l eng th  

of t h e  measuring c e l l ,  t h e  t r u e  C02 concent ra t ion  of t h e  g a s  

e n t e r i n g  t h e  IRGA can be  c a l c u l a t e d  from t h e  recorded average 

CO concent ra t ion  i n  t h e  c e l l  and t h e  known CO concent ra t ion  
2 2 

leaving  t h e  c e l l .  Af te r  1 2  sec t h e  C02 concent ra t ion  leaving 

t h e  IRGA i s  no longer cons tant  and w i l l  begin t o  i n c r e a s e  

slowly. A f t e r  15 sec t h e  C02 t h a t  en tered  t h e  IRGA a t  t h e  

onse t  of darkness w i l l  be  leaving and due t o  mixing, i t s  

exac t  concent ra t ion  i s  very d i f f i c u l t  t o  determine. 

I t  can be seen from t h e  c a l c u l a t e d  va lues  of t h e  CO 
2 

concent ra t ion  en te r ing  t h e  IRGA (Fig 2 - ) t h a t  t h e r e  i s  a  

n e t  CO evolu t ion  from t h e  l e a f  wi th in  5 sec a f t e r  darkness 
2 

and t h a t  t h i s  r a t e  of  C02 evolu t ion  appears  t o  reach a  p la t eau  

a t  about 7 sec. This  high cons tan t  r a t e  of CO evolu t ion  
2 

cont inues  f o r  about 6 sec and then drops o f f  sharply.  It then 

reaches  a  slowly inc reas ing  r a t e  of r e s p i r a t i o n  a f t e r  about 

1 min. Based on t h e  s impl i f i ed  va lues  f o r  t h e  CO concent ra t ions  
2 

t h a t  were en te r ing  t h e  IRGA during t h e  f i r s t  15 sec,  t h e  

t h e o r e t i c a l  readings  of t h e  IRGA can be c a l c u l a t e d  and compared 



t o  t h e  a c t u a l  reading. Fig 2 i n d i c a t e s  t h a t  t h e  recorded 

readings  (. . . . . ) and t h e  t h e o r e t i c a l  readings ( r r r r )  

based on t h e  c a l c u l a t e d  CO concent ra t ions  en te r ing  t h e  IRGA 
2 

( ) a r e  i n  c l o s e  agreement. 

The da ta  f o r  a  soybean l e a f  under t h e  same condi t ions  

a s  i n  Fig 2 except a t  2% 0 i s  given i n  Fig 3. Curve 
2 1 

t h e  a c t u a l  recording ,  curve i s  a  s i m p l i f i e d  ca lcula-  

t i o n  of  t h e  CO concent ra t ion  t h a t  must have been en te r ing  t h e  
2 

IRGA t o  g i v e  curve ( *  * )  over t h e  f i r s t  14 s e c  and curve 

( r r  r T r) i s  t h e  t h e o r e t i c a l l y  p red ic ted  IRGA readings based on 

curve ( ) I t  can be  seen t h a t  t h e  CO concent ra t ion  r i s e s  
2 

sha rp ly  a t  t h e  onse t  of darkness t o  a  n e t  r a t e  of CO evolu t ion  
2 

a f t e r  about 7 s e c  and cont inues t o  r i s e  a t  a  slower r a t e  up 

t o  t h e  14 s e c  mark. There was no evidence of any P I B .  The 

IRGA reading reached 350 pl/l CO a f t e r  13 s e c  of darkness 
2 

i n  21% 0 and a f t e r  19 s e c  i n  2% 0  
2 ' 2 ' 

Preceding photo- 

s y n t h e t i c  r a t e s  of  5  t o  15 mg CO h r - I  dm-2 d i d  no t  a f f e c t  
2 

t h e s e  times. The values of r e s p i r a t i o n  a f t e r  60 s e c  a t  2 1  

and 2% 0  a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  and both r a t e s  were 
2  

slowly r i s i n g  t o  a  second peak which occurred a f t e r  about 2.5 

min before  both  curves dec l ined  t o  a  more cons tant  r a t e  of 

dark r e s p i r a t i o n  a f t e r  about 15 minutes. 



F i g u r e  - 3 N e t  CO u p t a k e  and  e v o l u t i o n  ra tes  f o r  a  soybean  
2 

l e a f l e t  a t  2% 0 d u r i n g  t h e  d a r k  p e r i o d  f o l l o w i n g  
2 

a 1 5  min l i g h t  p e r i o d .  ( -  . - - ) is  t h e  a c t u a l  IRGA 

r e c o r d i n g ,  ( f  i s  t h e  CO c o n c e n t r a t i o n  e n t e r i n g  
2 

t h e  I R G A  b a s e d  on t h e  c h a n g i n g  s l o p e  o f  t h e  r e c o r d e d  

C 0 2  c o n c e n t r a t i o n  i n  t h e  IRGA, ( r v l )  is t h e  

t h e o r e t i c a l  I R G A  r e a d i n g  b a s e d  on t h e  c a l c u l a t e d  CO 
2 

c o n c e n t r a t i o n  e n t e r i n g  t h e  I R G A .  
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I t  should be noted t h a t  a t  21% O2 t h e  r a t e  of CO 
2 

evolu t ion  reaches a  maximum a t  t h e  same time t h a t  a  n e t  CO 
2 

evo lu t ion  r a t e  begins a t  2% 0 
2 '  

Thus a t  2% 0 2 ,  7 s e c  a r e  

r equ i red  f o r  t h e  r a t e  of dark r e s p i r a t i o n  and t h e  decreasing 

r a t e  of photosynthesis  t o  become equal.  I f  t h i s  same balance 

were t o  occur a t  21% 0, and superimposed on t h i s  was a  con- 
L 

t i n u i n g  r a t e  of  pho to resp i ra t ion ,  t h e  peak r a t e  of 

evo lu t ion  would be expected t o  occur a f t e r  7 sec.  

dark r a t e  of  r e s p i r a t i o n  i s  s t i l l  inc reas ing  a f t e r  

2% 0 and a t  21% O2 t h e r e  i s  a  p l a t e a u ,  t h i s  would 
2 

t h a t  t h e  r a t e  of pho to resp i ra t ion  must be dropping. 

a c t u a l  CO concent ra t ions  en te r ing  t h e  IRGA cannot 
2 

C02 

Since t h e  

7 s e c  a t  

i n d i c a t e  

The 

be determined 

a c c u r a t e l y  between t h e  16 and 50 s e c  a f t e r  darkness.  ~ u t  

s i n c e  t h e  two recordings of  t h e  CO concent ra t ion  en te r ing  
2 

t h e  IRGA a t  2 and 21% O2 come together  a f t e r  about 50 sec ,  

pho to resp i ra t ion  i s  apparent ly  reduced t o  zero between 16 and 

50 s e c  a f t e r  darkness.  

The d i f f e r e n c e  between t h e  two curves a t  2 and 21% 0 
2 

could 'be accounted f o r  i f ,  a t  t h e  low 0 concent ra t ion ,  2 

Co2 f i x a t i o n  was prolonged i n  t h e  dark. This could 

e f f e c t i v e l y  remove any i n d i c a t i o n  of t h e  P I B  a t  2% 0 
2 ' I f ,  

a s  has been r e c e n t l y  repor ted  i n  i s o l a t e d  ch lo rop las t s  ( 7 ) ,  



0 does no t  a f f e c t  t h e  l i g h t  r eac t ions  of photosynthes is ,  
2  

then  t h e  reducing power generated f o r  a  given l i g h t  i n t e n s i t y  

a t  2 and 21% 0 should be  t h e  same. Since t h e  r a t e  of CO 
2 2 

f i x a t i o n  i s  e i t h e r  higher  a t  2% O2 than a t  21% O2 ( i f  O2 

i n h i b i t s  photosynthesis)  o r  i s  s i m i l a r  t o  t h e  r a t e  a t  21% 0  
2 

( i f  O2 s t i m u l a t e s  r e s p i r a t i o n  and does no t  a f f e c t  pho tosyn thes i s ) ,  

then the  s i z e  of  t h e  remaining reducing pool a t  2% 0  would 
2  

b e  t h e  same a s ,  o r  smaller  than ,  t h e  pool a t  21% 0  a t  any 2 

one time. ~t t h e  onse t  of darkness ,  t h i s  remaining pool a t  

2% 0  then should be used up a t  t h e  same time o r  e a r l i e r  
2 

than  a t  21% 02. From t h i s  s i m p l i f i e d  view, i t  does not  

appear l i k e l y  t h a t  photosynthesis  i n  t h e  dark would be 

prolonged a t  2% 0  when compared t o  21% 0  2  2  ' S i m i l a r l y ,  

if t h e  s i z e  of t h e  reducing pool were t o  a f f e c t  t h e  continua- 

t i o n  of  photosynthesis  i n  t h e  dark,  then t h e  t iming of t h e  

peak PIB should have changed wi th  l a r g e  changes i n  t h e  

preceding l i g h t  i n t e n s i t y .  This was not  found. The peak 

always occurred a t  t h e  same time, independent of t h e  previous 

l i g h t  i n t e n s i t y .  

Based on t h e  s tudy of t h e  k i n e t i c s  of t h e  P I B  i n  soybean 

leaves  a t  350 pl/l C02, t h e  PIB reaches a  peak wi th in  7 s e c  

a f t e r  t h e  onse t  of  darkness.  The timing and shape of t h e  



b u r s t  a s  seen by d i r e c t  examination of t h e  I R G A  recording 

i s  an a r t i f a c t  of t h e  system. The slow (between 30 and 

60 sec) t imes  repor ted  previous ly  f o r  t h e  P I B  t o  reach 

i t s  maximum ( 2 ,  3 ,  14, 15) may be due t o  t h e  sa-ne type of 

e r r o r .  The r e p o r t s  of  t h e  P I B  occurr ing between one and 

two minutes a f t e r  t h e  onse t  of darkness (4,  10,  1 2 )  a r e  

r e l a t e d  more t o  t h e  second peak which was observed i n  these  

experiments a f t e r  about 2 min. This  second peak d i d  appear 

t o  be a f f e c t e d  by l i g h t  i n t e n s i t y  b u t  not  by 0 concentra- 
2 

t i o n s  between 2 and 21% 02. Most of t h e s e  repor ted  b u r s t s  

a t  longer  t imes probably inc lude  both t h e  i n i t i a l  b u r s t  and 

and t h i s  slower, longer b u r s t .  

Heath and orchard (10) have repor ted  t h a t  t h e  PIB a t  

12 '  i nc reased  two f o l d  f o r  changes i n  l i g h t  i n t e n s i t y  from 

100 t o  2700 f t - c  b u t  t h a t  t h e  coapensation po in t  was unaffec ted  

by l i g h t  i n t e n s i t y .  They f e l t  t h a t  s ince  t h e  coapensation 

p o i n t  appears  t o  r e f l e c t  t h e  r a t e  of r e s p i r a t i o n  i n  t h e  

l i g h t  and t h a t  t h e  PIB and t h e  compensation p o i n t  respond 

d i f f e r e n t l y  t o  l i g h t ,  then  t h e  PIB can not  be r e l a t e d  t o  t h e  

l i g h t  r e s p i r a t i o n  r a t e .  Thei r  assunpt ion t h a t  t h e  r a t e s  of  

CO exchange a t  t h e  co,npensation p o i n t  do not  change with 
2 

l i g h t  i n t e n s i t y  i s  not  supported by t h e  r e s u l t s  f o r  soy- 



bean (Chapter 4 ) .  The i n c r e a s e  i n  t h e  r a t e  of CO 2 f i x a t i o n  

wi th  l i g h t  i n t e n s i t y  a t  t h e  compensation p o i n t  could expla in  

t h e i r  i n c r e a s e s  i n  t h e  CO b u r s t  wi th  l i g h t  i n t e n s i t y .  2  

I t  has been shown t h a t  Amaranthus e d u l i s ,  a  low compen- 

s a t i o n  p o i n t  p l a n t ,  does have a  P I B  a t  21% 0 2 ( 2 ) .  This  

would i n d i c a t e  t h a t  t h e  P I B  i s  no t  r e l a t e d  t o  photorespi ra-  

t i o n .  ~ u t ,  s i n c e  t h e  P I B  i s  normally removed by low 0  
2 

concen t ra t ions ,  and t h e  P I B  of - A. e d u l i s  was only s l i g h t l y  

reduced by using 2% 02 ,  i t  i s  p o s s i b l e  t h a t  t h e  P I B  i n  

A. e d u l i s  i s  a  d i f f e r e n t  process  and unre la ted  t o  t h e  - 

PIB t h a t  we observe here.  Thus f o r  leaves  a t  2% 0  t h e  
2 ' 

curve of  t h e  CO concent ra t ion  en te r ing  t h e  IRGA versus  time 
2  

(Fig 2 " ' )  appears  t o  be  t h e  r e s u l t a n t  of two processes ,  

t h e  decay of  C 0 2  f i x a t i o n  and t h e  r e s t o r a t i o n  o r  continua- 

t i o n  of  t h e  r a t e  of dark r e s p i r a t i o n .  A t  21% O2 (Fig l"') 

t h e  equiva lent  curve would appear t o  be t h e  r e s u l t a n t  of t h e  

same two processes  p lus  a  t h i r d  process  which was proceeding 

i n  t h e  l i g h t  b u t  which does not  begin t o  decay u n t i l  a t  l e a s t  

7 s e c  i n t o  t h e  dark period.  



E f f e c t  - of Wavelength on t h e  P I B  S ize  and i t s  Rela t ionship  ------ 

t o  t h e  I n h i b i t o r y  Ef fec t  of 21% 0  on Photosynthesis  
7- - -- -2 - 

I f  t h e  r a t e  of  CO evolu t ion  which occurs  8  sec a f t e r  
2 

a  l e a f  i s  placed i n  t h e  dark i s  used t o  r ep resen t  t h e  s i z e  

of t h e '  PIB, then  t h e s e  va lues  of t h e  P I B  can be conpared 

i n  r e l a t i o n  t o  va r ious  pre t rea tments  i n  t h e  preceeding l i g h t  

per iod.  For t h i s  study, t h e  P I B  was measured a t  21% 0  
2 

using f i v e  d i f f e r e n t  wavelength regions  of t h e  spectrum 

(peak t ransmiss ion  of  470, 520, 568, 613 and 670 nm) i n  

t h e  preceeding l i g h t  per iod and t h e  r a t e  of CO evolu t ion  
2 

a f t e r  8  sec of  darkness was compared t o  t h e  previous r a t e  of  

photosynthes is  (Fig 4 ) .  For t h e  comparison, t h e  P I B  has  

been added t o  t h e  r a t e  of photosynthesis  i n  t h e  preceeding 

l i g h t  per iod  t o  g ive  an i n d i c a t i o n  of t h e  s i z e  of t h e  t o t a l  

r a t e  of co uptake f ron  t h e  at-nosphere i f  t h e  P I B  r e a l l y  
2 

does r ep resen t  t h e  r a t e  of r e s p i r a t i o n  i n  t h e  l i g h t .  

The equat ion of t h e  l i n e  i n  Fig 4  using a l i n e a r  r e -  

g r e s s i o n  a n a l y s i s  i s  

y = 1 . 7 2 ~ ' +  0.05 

The p o i n t s  on t h e  f i g u r e  a r e  a  composite of t h e  previously 

l i s t e d  wavelengths. The PIB was found t o  be a f f e c t e d  by a l l  



Fiqure  4 E f f e c t  of l i g h t  i n t e n s i t y  and qua l . i t y  on t h e  

magnitude of t h e  p o s t - i l l u m i n a t i o n  CO b u r s t  (P IB)  
2 

from soybean l e a v e s .  The PIB has been added t o  t h e  

r a t e  of CO uptake i n  t h e  l i g h t  t o  g i v e  a n  i n d i c a t i o n  
2 

of t h e  magnitude of t r u e  pho tosyn thes i s  i f  t h e  P I B  

r e p r e s e n t s  t h e  r a t e  of r e s p i r a t i o n  i n  t h e  l i g h t .  



Net C0,fixation 2l%O, (mg CO, hr '  dm*) 



of the five wavelengths of light used in the preceeding 

light period in the same way as phot~synthesis, including 

an increase in the PIB with light intensity as has been 

reported earlier (3, 15). The seven points which appear to 

be below the line are for all five wavelength regions on 

two leaves on different days. If the PIB represents the 

rate of CO release to the outside of the leaf in the light 
2 

it would have the effect of reducing the rate of CO 2 uptake 

at 350 pl/l C02 by 41.9%. 

Fig 5 illustrates the effect of 21% 0 on the rate of 2 

photosynthesis at 2% 0 and 350 pl/l C 0 2  The data were 
2 

obtained using the closed system as described in Chapter 1. 

The inhibitory effect of 21% 0 was proportional to the rate 2 

of photosynthesis as reported previously (chapter 1) (1,11) 

and at 350 pl/,l C02 represented about a 34% inhibition of the 

rate of photosynthesis at 2% 02. This value was about 9% 

smaller than the decrease that would be experienced if the 

rate of respiration measured by the PIB was the rate of 

photorespiration in the light. Since some of the CO respired 
- 2 

in the light would be expected to be refixed in photosynthesis, 

it would be expected that if these two measurements are of the 

same process, then the one measured in the light should be smallel 



F i q u r e  - 5 E f f e c t  o f  21% 0 o n  t h e  r a t e  of n e t  CO u p t a k e  
2 2  

a t  2% O 2  a n d  3 5 0  pl/l C 0 2  i n  a t t a c h e d  s o y b e a n  l e a v e s .  



Net ~ 0 ~ ' f i x a t i o n  21%0'~ (mg C02 h r - I  dm? ) 



.due t o  t h i s  r e f i x a t i o n .  

E f f e c t  of Changes - i n  Light ~ n t e n s i t y  ---- on t h e  Rate of CO -2 

Evolution i n  t h e  Light  -- 

I f  t h e  PIB i s  j u s t  t h e  r e s u l t  of an imbalance between 

t h e  r a t e s  of C02 uptake and evolut ion due t o  a d is turbance  

i n  t h e  CO uptake r a t e ,  then sudden changes i n  t h e  l i g h t  
2 

i n t e n s i t y  from one s e t  i n t e n s i t y  t o  d i f f e r e n t  lower i n t e n s i t i e s  

(darkness being t h e  extreme lower value) might show a  p a r t i -  

c u l a r  type of e f f e c t .  A t  s t eady-s ta t e  i n  t h e  f i r s t  l i g h t  

i n t e n s i t y ,  CO uptake (P ) minus CO evolu t ion  (R ) i s  
2 1 2  1 

equal  t o  apparent  photosynthesis  (APS) 

and a t  t h e  lower l i g h t  i n t e n s i t y ,  P2 - R would be equal  t o  2 

APS 
2 '  

The i n i t i a l  e f f e c t  of reducing the  l i g h t  i n t e n s i t y ,  

i f  p1 decreases  f a s t e r  than R might g ive  equat ion 2.  
1' 

P2 
- R = APS 

1 3 (2) 

A t  s t eady-s ta t e ,  R i s  a  cons tant  propor t ion  of P  (J?igs 4 

and 5 ) ,  and s o  APS would be lower than APS by an amount 
3 2 

equal  t o  R 
1 - R2 

. I f  t h e  P I B  i s  no t  a  cont inuat ion  of l i g h t  

r e s p i r a t i o n  b u t  i s  a  t r u e  CO b u r s t  beginning a t  t h e  onse t  
2 

of darkness ,  it should not  occur i f  t h e  l i g h t  i n t e n s i t y  i s  

only  lowered t o  a l e v e l  which i s  s t i l l  s u f f i c i e n t  f o r  a  



high r a t e  of photosynthesis .  

Fig 6 shows four  sample IRGA recordings f o r  t h e  same 

l e a f  a s  it was switched from one l i g h t  i n t e n s i t y  t o  o t h e r  

lower l i g h t  i n t e n s i t i e s .  I t  can be seen t h a t  t h e  s lope  of  

t h e  i n i t i a l  i n c r e a s e  i n  co concentrat ion a f t e r  t h e  i n t e n s i t y  
2 

chang-e, i n c r e a s e s  wi th  increas ing  percentage change i n  t h e  

i n t e n s i t y .  An apparent  CO b u r s t  was always present .  A s  
2 

before ,  s i n c e  t h e  s lope  of t h e  changing CO concent ra t ion  i s  2 

a s t r a i g h t  l i n e  f o r  a  s h o r t  time, t h e  C 0 2  concent ra t ion  

e n t e r i n g  t h e  IRGA was cons tant  and could be ca lcu la ted  

(Table I ) .  A cons tan t  r a t e  of  apparent  photosynthesis  a t  t h e  

new l i g h t  i n t e n s i t y  was achieved a f t e r  about t h r e e  minutes. 

I f  t h e  new l i g h t  i n t e n s i t y  was not  s u f f i c i e n t l y  g r e a t e r  

than t h e  l i g h t  compensation p o i n t ,  an inc reas ing  r a t e  of 

photosynthesis  r e s u l t e d  f o r  a  longer per iod of  time (curve b). 

I f  t h e  magnitude of the  PIB 8 s e c  a f t e r  a  l i g h t  i n t e n s i t y  

change i s  assumed t o  be t h e  r a t e  of r e s p i r a t i o n  i n  t h e  l i g h t ,  

then both  R and R can be ca lcu la ted  from Fig 4 f o r  t h e  
1 2 

measured r a t e s  of APS and APS2. 
1 

APS was measured a t  5 min 2 

a f t e r  t h e  change i n  l i g h t  i n t e n s i t y .  From these  va lues ,  

APS3 can be c a l c u l a t e d  (equation 2 ) .  The same cal .culat ions 

were made using t h e  e f f e c t  of  oxygen on photosynthesis  



F i g u r e  6 N e t  CO u p t a k e  a n d  e v o l u t i o n  r a t e s  f o r  a s o y b e a n  - - 2 

l e a f l e t  a t  21% O 2  i n  r e s p o n s e  t o  s u d d e n  c h a n g e s  i n  

t h e  l i g h t  i n t e n s i t y .  



15min light 

% decrease in intensity 

------ 

TIME (sec) 
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( F i g 5 )  a s a m e a s u r e o f R  T h e s e c a l c u l a t e d r a t e s o f ~ ~ ~  1 ' 3 

(Table I Row 9) can then  be  coinpared t o  t h e  a c t u a l  r a t e  of  

APS3 (Table I Row 8) rneasured by t h e  IRGA 8 s e c  a f t e r  

da rkness  (Table I ) .  The r e s p i r a t i o n  r a t e s  i n  Table  I a r e  

based  on t h e  P I B .  S imi l a r  c a l c u l a t i o n s  o f  APS were made 3 

based  on t h e  i n h i b i t o r y  e f f e c t  o f  oxygen i n  p l a c e  o f  t h e  PIB 

 a able I Row 10) . The r a t e  of pho tosyn thes i s  a f t e r  5  tnin 

a t  t h e  lower i n t e n s i t y  i s  a l s o  included.  

The c o r r e l a t i o n  between t h e  a c t u a l  r a t e  o f  APS a f t e r  3 

8 s e c  and t h e  v a l u e  c a l c u l a t e d  from t h e  P I B  i s  b e s t  a t  t h e  

lower pe rcen tage  changes i n  t h e  l i g h t  i n t e n s i t y .  A S  t h e  

pe rcen tage  change i n c r e a s e s ,  t h e  r o l e  of  dark  r e s p i r a t i o n  

may become more s i g n i f i c a n t  and t h e  r a t i o  o f  t h e  PIB t o  t h e  

preceed ing  r a t e  o f  pho tosyn thes i s  may change. 

A b e t t e r  agreenent  i s  found between t h e  p a i r s  o f  v a l u e s  

o f  measured APS and t h e  c a l c u l a t e d  APS based on t h e  0 
3 3  2  

e f f e c t .  T h i s  would i n d i c a t e  t h e  CO c o n c e n t r a t i o n  e n t e r i n g  
2  

t h e  g a s  a n a l y s e r  8 s e c  a f t e r  t h e  l i g h t  i n t e n s i t y  change is 

t h e  r e s u l t a n t  o f  t h e  new r a t e  o f  pho tosyn thes i s  (P2) and t h e  

o l d  r a t e  of  l i g h t  r e s p i r a t i o n  (R ) based on t h e  e f f e c t  of  1 

oxygen on APS. Of cou r se ,  n e i t h e r  of  t h e s e  r a t e s  a l l o w  f o r  

r e f i x a t i o n  o f  CO 
2 

Because t h e  c o r r e c t i o n  o f  pho tosyn thes i s  



f o r  r e s p i r a t i o n  i n  t h e  l i g h t  i f  app l i ed  t o  t h e  t r a n s i e n t  

g i v e s  r a t e s  which a r e  i n  agreenent with those a c t u a l l y  mea- 

sured, i t  i s  concluded t h a t  t h e  t r a n s i e n t  expresses  t h e  con- 

t i n u a t i o n  of a  process  occurr ing i n  t h e  previous steady- 

s t a t e .  The PIB da ta  a r e  c o n s i s t e n t  with t h e  hypothesis  t h a t  

t h e  PIB r e p r e s e n t s  t h e  t o t a l  r a t e  of  CO product ion during 
2 

photosynthes is ,  b u t  t h e  da ta  do not  prove t h e  h w o t h e s i s .  

Thus i t  appears  t h a t  t h e  P I B  does not  depend on t h e  

ox ida t ion  of  some photosynthe t ic  pool which cornm- "nces a t  

t h e  onse t  of darkness b u t  i s  t h e  r e s u l t a n t  of  two processes  

which change a t  d i f f e r e n t  r a t e s  when subjected t o  changes 

i n  t h e  l i g h t  i n t e n s i t y .  This  would lend support  t o  t h e  

theory  t h a t  t h e  P I B  which i s  s e n s i t i v e  t o  high 0 concen- 
2 

t r a t i o n s  i s  due t o  a  cont inuat ion  of a  high r a t e  o f  photo- 

r e s p i r a t i o n  i n  t h e  l i g h t  t h a t  i s  a l s o  s e n s i t i v e  t o  0 con- 
2 

c e n t r a t i o n s  g r e a t e r  than 2% 02. 
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Chapter 3 

E f f e c t s  of  ~ i g h t  Q u a l i t y  on t h e  D i s t r i b u t i o n  of  

Carbon-14 among the  Products of Photosynthesi  s 



INTRODUCTION 

I t  has previous ly  been repor ted  t h a t  t h e  d i s t r i b u t i o n  

14 
of C among t h e  e a r l y  products of photosynthesis  was un- 

a f f e c t e d  by t h e  wavelength of l i g h t  used during t h e  14c02 

feeding experiments ( 2 ,  9 ) .  I t  has a l s o  been repor ted  t h a t  

r e d  l i g h t  s t i m u l a t e s  t h e  production of carbohydrates (11) 

and b l u e  l i g h t  s t imula tes  t h e  production of  amino a c i d s  

(1, 6, 11). ~ o s t  of these  experiments have been c a r r i e d  o u t ,  

w i t h  t h e  except ion of  those by Cayle e t  a 1  ( 2 ) ,  wi th  broad 

band f i l t e r s  which t ransmi t  mainly i n  t h e  r ed  o r  b l u e  regions  

of  t h e  spectrum b u t  s t i l l  t ransmi t  considerable  amounts o f  

energy i n  bo th  t h e  b lue  and red  regions of t h e  spectrum. 

I n  view of  t h e  r ecen t  r e p o r t s  of a  b lue  l i g h t  s t imula-  

t i o n  of pho to resp i ra t ion  (7, 8) and o the r  forms of  r e s p i r a -  

t i o n  (5, 10) and t h a t  pho to resp i ra t ion  may be connected 

wi th  t h e  e a r l y  metabolism of g l y c o l i c  a c i d  (12)  , a re-  

examination of t h e  e f f e c t s  of b lue  t o  yellow l i g h t  on t h e  

e a r l y  products  of photosynthesis  was made using narrow wave 

band regions  of t h e  v i s i b l e  p a r t  of t h e  spectrum ( t rans-  

mission peaks 450, 501, 547, 601 nm H. W. = 18 nm). 



- - 
- 
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MATERIALS AND METHODS 

Soybean p l a n t s  were grown from seed i n  po t s  of  garden 

s o i l  i n  a greenhouse and moved t o  a growth chamber when they  

were twenty days o ld .  The growth chamber was maintained a t  

a day/night temperature of 25'/17' wi th  a 16 h r  photoperiod 

of 1,000 f t -c .  The p l a n t s  were kept  i n  t h e  growth charriber 

f o r  a t  l e a s t  two days before  being used. 

The middle a t t ached  l e a f l e t  of t h e  second t r i f o l i a t e  

l e a f  was sea led  i n  a p l e x i g l a s s  chamber i n  a c losed system. 

The system contained an i n f r a r e d  CO gas  a n a l p e r  (~eckman 2 

Model 215) ,  a flow meter (Matheson Model 302) ,  a c i r c u l a t i n g  

pump and a CO genera t ing  f l a sk .  The l e a f  chamber could be 
2 

d i a l e d  o u t  of  t h e  closed system and i n t o  an open system con- 

nec ted  t o  a s tandard  gas supply (250 p 1 / 1  C02. 21% 02 ,  

balance n i t r o g e n ) .  The l e a f l e t  was p re - t r ea ted  i n  white  

4 -2 -1 
l i g h t  (17 x 10 ergs  cm s e c  between 400 and 700 mp) 

and 300 pl/l c O Z 1  21% 02. balance n i t rogen  a t  a flow r a t e  

of 2.5 l/min u n t i l  a constant  r a t e  of n e t  CO uptake had 2 

been reached (usua l ly  about 30 min). The l i g h t  q u a l i t y  

and i n t e n s i t y  were then changed t o  t h e  condi t ions  t o  be 

used during t h e  14c02 feeding and t h e  l e a f l e t  was kep t  a t  



t h e s e  condi t ions  f o r  20 min. A new constant  r a t e  of photosyn- 

t h e s i s  was achieved a f t e r  about 10 mj-n. The l e a f l e t  was then 

d i a l e d  ou t  of  t h e  system and cont inual ly  f lushed wi th  t h e  

s tandard  gas.  1 4 c - ~ a  CO was added t o  t h e  C02 genera t ing  
2 3 

f l a s k ,  t h e  system closed and 2 N  H2S04 added. The CO gen- 
2 

e r a t i n g  f l a s k  was d i a l e d  out  of t h e  system when t h e  gas  analy- 

s e r  gave a  reading of 350 pl/l C02 and t h e  l e a f  chamber 

d i a l e d  back i n .  When t h e  C 0 2  concentrat ion i n  t h e  closed 

system had been reduced t o  250 pl/l C02, t h e  l e a f l e t  was 

d i a l e d  out  of t h e  system, f lushed wi th  s tandard  gas f o r  one min 

t o  remove any f r e e  14C0 before  opening t h e  chamber and 
2 

then  k i l l e d  i n  b o i l i n g  a lcohol  (80% e t h a n o l ) .  

The subsequent t reatments  a r e  shown on t h e  flow c h a r t  

(Fig 1) . The t o t a l  a c t i v i t y  i n  t h e  l e a f l e t  was ca lcu la ted  

a s  t h e  sum of a c t i v i t i e s  i n  t h e  ethanol  s o l u b l e  f r a c t i o n ,  

t h e  d iges ted  s t a r c h  f r a c t i o n ,  and t h e  products of wet corn- 

bus t ion  (4 ) .  The autoradiograms from t h e  paper chromato- 

grams of t h e  t o t a l  e thanol  so lub le  f r a c t i o n  d id  not  i n d i c a t e  

any obvious changes i n  t h e  d i s t r i b u t i o n  of carbon-14 among 

t h e  r a d i o a c t i v e  compounds. One s p o t  which appeared t o  

conta in  more than one compound was suspected of containing 

sucrose  and poss ib ly  s e r i n e  and g lyc ine  (spot  A )  . The 
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twelve o t h e r  major a r e a s  of a c t i v i t y  on t h e  chromatogram 

were c u t  o u t  and t h e i r  a c t i v i t y  determined  a able 11). 

Spot A was c u t  ou t  and t h e  compounds e l u t e d  and separated into 

amino a c i d s ,  organic  a c i d s  and sugars on i o n  exchange r e s i n  

columns. Thei r  14c content  was d e t e n i n e d  q u a n t i t a t i v e l y  

i n  each f r a c t i o n  by automatic ~ e i g e r  counting. Correc t ions  

were made f o r  background and f o r  counting e f f i c i e n c y .  The 

t h r e e  types  of compounds were then resolved t o  t h e i r  i n d i v i d u a l  

components by rneans of two diqensional  paper chroxatography 

14 
and t h e  compounds containing C were loca ted  by auto- 

radiography. 

RESULTS 

Although t h e  experiqent  was designed t o  f i x  t h e  same 

amount of 14C02 i n  t h e  same length  of t i n e ,  Table I i n d i c a t e s  

t h a t  t h i s  was not  t h e  case. I n  experiment 8,  t h e  l e a f  

appeared t o  w i l t  during t h e  experinent  and i n  experiments 

6 and 10 t h e  r a t e  of C02 uptake decreased during t h e  feeding 

f o r  no observable  reason. As can be seen from Table I ,  

no da ta  c o n s i s t e n t l y  showed an e f f e c t  of wavelength on t h e  

d i s t r i b u t i o n  of  ' *c  among t h e  t h r e e  na in  f r a c t i o n s  of  t h e  
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p r o d u c t s  o f  photosynthes i s .  Although t h e r e  a p p e a r s  t o  b e  an  

i n c r e a s i n g  percen tage  i n  t h e  s t a r c h  f r a c t i o n  w i t h  i n c r e a s i n g  

wavelength f o r  comparable feeding t imes ,  a  h igh  percen tage  

was n o t  found i n  t h e  s t a r c h  f r a c t i o n  i n  wh i t e  l i g h t .  The 

lowes t  pe rcen tage  i n  t h e  e thano l  i n s o l u b l e  f r a c t i o n ,  l e s s  

s t a r c h , w a s  found a t  450 nm and t h e  h i g h e s t  a t  501 nm b u t  i n  

t h e  s eco rdpa i r  of f eed ings  a t  450 and 501 nm t h e  pe rcen tages  

were about  t h e  same. The percen tage  i n  t h e  e t h a n o l  i n s o l u b l e  

f r a c t i o n ,  l e s s  s t a r c h ,  decreased wi th  l onge r  feed ing  t i m e s  

i n  a l l  b u t  one c a s e  (450 nm). Table  11 shows t h e  d i s t r i b u t i o n  

14 
o f  c among t h e  14 main s p o t s  f r o n  t h e  chromatogram o f  t h e  

80% e t h a n o l  s o l u b l e  f r a c t i o n  (Fig 2 ) .  Spot A i nc luded  s p o t s  

9 and 10. The v a l u e s  i n  Table  I1 f o r  s p o t s  9 and 10 a r e  

lower t h a n  they  should be  s i n c e  t h e  v a l u e s .  g iven  a r e  based 

on t h e  s epa ra t ion  o f  spo t  A i n t o  a a i n 0  a c i d s ,  o r g a n i c  a c i d s ,  

and suga r s  which had about  a n  80% recovery.  Spot 9 was 

mainly  s e r i n e  w i th  smal l  amounts of  g l y c i n e  be ing  found iil 

f e e d i n g s  8 and 10. The p r o p o r t i o n s  of  14c i n  t h e  o r g a n i c  

a c i d  s p o t s  7 and 8 appeared t o  change wi th  wavelength o f  

i l l u m i n a t i o n .  These s p o t s  have no t  been i d e n t i f i e d  then- 

i c a l l y .  The main r e s u l t s  o f  Table  I1 a r e  summarized i n  

Table  111 a long  wi th  t h e  major carbon-14 p roduc t s  o f  
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Fiqure  - 2 Location of 14 major r a d i o a c t i v e  s p o t s  on t h e  

paper chromatogran of  t h e  80% e thanol  so lub le  

f r a c t i o n  f r o e  a  soybean l e a f l e t .  The 14c02 

feeding was f o r  6 n i n  i n  whi te  l i g h t  

4  -2  -1 
(17 x 10 e r g s  cn sec ) a t  325 pl/l C02, 

21% 02. 



I 

propano1:water:ethyl acetate ( 7 :2 :1  ) 
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photosynthesis .  The main amino ac ids  recovered ( a s p a r t a t e ,  

glutamate,  s e r i n e ,  glutamine, a l an ine ,  ? amino b u t y r i c  a c i d  

and p r o l i n e )  have been combined. ~ o t h  t h e  combined t o t a l  

and t h e  value f o r  s e r i n e  alone might have been lower i n  

450 nm l i g h t  b u t  were d e f i n i t e l y  not  higher than a t  any of 

t h e  o t h e r  wavelengths s tudied .  In  sucrose t h e r e  appeared 

t o  be  a  g r e a t e r  accumulation of 14c a t  the  450 nm feedings,  

r e l a t i v e  t o  t h e  o t h e r  feedings.  There may be some p r o t e i n  

i n  t h e  i n s o l u b l e  f r a c t i o n  bu t  a  previous r e p o r t  f o r  kidney 

beans (6)  ind ica ted  t h a t  of t h e  t o t a l  14c f ixed ,  no t  g r e a t e r  

than 3% was i n  pro te in .  consequently, r a d i o a c t i v i t y  i n  t h e  

i n s o l u b l e  f r a c t i o n  i s  assumed t o  be i n  carbohydrates.  The 

d i s t r i b u t i o n  of  14c among t h e  carbohydrates a t  t h e  d i f f e r e n t  

wavelengths seemed t o  vary considerably bu t  t h e  t o t a l  per- 

centage was about t h e  same. 

DISCUSSION 

The d i s t r i b u t i o n  of 14c from 14c0 among t h e  e thanol  ' 2 

s o l u b l e ,  e thanol  inso lub le  excluding s t a r c h ,  and s t a r c h  products 

o f  photosynthesis was e s s e n t i a l l y  unaffected by any of  t h e  

four  wavelengths of l i g h t  used from 450 t o  601 nm when com- 



pared  t o  'wh i t e  l i g h t .  A t  longer  feeding t imes  and t h u s  

reduced f i x a t i o n  r a t e s  t h e r e  appeared t o  b e  a n  i n c r e a s e  i n  t h e  

percen tage  of  14C i n  t h e  e thano l  so lub le  f r a c t i o n .  There 

w a s  no evidence t h a t  b l u e  l i g h t  a s  conpared t o  green,  yel low 

o r  whi te  l i g h t  s t imu la t ed  t h e  a c c u w l a t i o n  of  a-nino a c i d s  a s  

h a s  been r e p o r t e d  e a r l i e r  (1, 6, 11) . T h i s  would suppor t  

14 
o t h e r  r e p o r t s  i n  which no s t i n u l a t i o n  of  C a c c u ~ u l a t i o n  

i n  amino a c i d s  by b l u e  l i g h t  was found i n  C h l o r e l l a  ( 2 )  

o r  i n  tobacco l e a v e s  (9) . It  i s  q u i t e  p o s s i b l e  t h a t  over  

l onge r  t imes ,  a  change i n  t h e  i n t e rmed ia ry  metabolism p a t t e r n  

could  r e s u l t  i n  t h e  accumulation of  amino a c i d s  i n  b l u e  l i g h t .  

T h i s  t ype  of  a l t e r a t i o n  i n  t h e  accumulation p a t t e r n  of  soy- 

bean l e a v e s  was no t  observed dur ing  t h e s e  6-15 min feedings.  

The amount of  carbon accumulated i n  s e r i n e  and g l y c i n e  

w a s  no t  s t imu la t ed  by b l u e  l i g h t  a l o n e  a s  has  been r e p o r t e d  

(1,11) and might even have been reduced i n  b l u e  l i g h t  r e l a -  

t i v e  t o  t h e  whi te  l i g h t  o r  t h e  o t h e r  wavelengths s tud ied .  

There was evidence t h a t  t h e  b l u e  l i g h t  (450 nx) d i d  

s t i m u l a t e  t h e  accumulation of sucrose  i n  t h e  l e a f .  This  

may have been a t  t h e  expense o f  ca rbohydra tes  o f  t h e  e thano l  

i n s o l u b l e  f r a c t i o n  and an ino  a c i d s  b u t  t h i s  was no t  c e r t a i n .  

A b u i l d  up of  sucrose  could r e s u l t  i f  b l u e  l i g h t  had a n  



! 
I i n h i b i t i n g  e f f e c t  on t r ans loca t ion .  A t  t h e  p resen t  time, 

t h e r e  i s  no evidence f o r  o r  a g a i n s t  such a  proposal .  If 

t h e  r e s u l t s  of f u r t h e r  study supported t h e  evidence t h a t  

b l u e  l i g h t  does cause an accuaulat ion of  sucrose and a  

reduct ion  i n  t h e  ethanol  inso lub le  carbohydrates ( ce l lu lose ,  

hemicel lulose)  t h i s  could r e s u l t  i n  an accumulation of amino 

a c i d s  not  due t o  a  change i n  t h e  primary products  of photo- 

s y n t h e s i s  b u t  a s  a  change i n  t h e  p a t t e r n  of subsequent 

metaboli  s m .  ~ e d u c t i o n  i n  t h e  a v a i l a b i l i t y  of one organic  

a c i d ,  o r  an amino a c i d  such a s  s e r i n e ,  Could a l s o  cause an 

accumulation of r a d i o a c t i v i t y  i n  o the r s ,  

I n  c o n t r a s t  t o  t h e  g a s  exchange da ta  i n  Chapter 1, 

where t h e  a c t i o n  spec t ra  of  photosynthesis  and photorespira-  

t i o n  a r e  t h e  same a t  normal C 0 2  concent ra t ions ,  t h e  wave-- 

l eng th  of l i g h t  d id  a l t e r  t h e  d i s t r i b u t i o n  o f  carbon-14 

among t h e  products  of photosynthesis.  

whatever t h e  e f f e c t  of  wavelength on metabolism, i t  

does not  appear t o  be on photorespi ra t ion .  Lowering t h e  

oxygen concentrat ion t o  1% has been repor ted  t o  reduce t h e  

1 4 ~  incorpora ted  i n t o  g lyc ine  i n  soybean l eaves  and i n c r e a s e  

t h e  incorpora t ion  i n t o  sucrose ( 3 ) .  These e f f e c t s  a r e  accom- 

panied by a  g r e a t  reduct ion  i n  t h e  CO compensation po in t  
2 



and  a n  i n c r e a s e  i n  t h e  r a t e  of  p h o t o s y n t h e s i s  b o t h  of which 

a r e  r e l a t e d  t o  p h o t o r e s p i r a t i o n  ( c h a p t e r  1). Such a  

c o r r e l a t i o n  w a s  n o t  found he re .  
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Chapter 4 

E f f e c t  of 0 on t h e  Rates of CO Exchange 
2 2 

at t he  Compensation Point  of Soybean Leaves 



INTRODUCTION 

The i n h i b i t o r y  e f f e c t s  of oxygen on t h e  r a t e s  of photo- 

syn thes i s  has  been a  subjec t  of  controversy s ince  i t  was f i r s t  

repor ted  i n  1920 by Warburg f o r  Chlore l la  (19) and by 

McAlister and Nyers f o r  higher p l a n t s  (10) . Turner and 

B r i t t a i n  (16) have surnrilarized quch of t h e  exper inenta l  

evidence used i n  support of  t h e  var ious  hypotheses t h a t  have 

been suggested t o  explain t h i s  "Warburg e f f e c t u .  I n  recent  

y e a r s  one of t h e  t h e o r i e s ,  the  concept of  a  l i g h t  s t imulated 

r e s p i r a t i o n  which i s  s e n s i t i v e  t o  oxygen concent ra t ion  

have been made on higher p l a n t s  t o  measure r a t e s  of 0  
2 

uptake and evolut ion i n  t h e  l i g h t  using mass spectroscopy 

(12)  and co2 exchange r a t e s  using t h e  i n f r a r e d  co g a s  2 

ana lyser  (1,  2 ,  4, 5, 6, 9, 11, 14, 1 7 ) .  Since b o t h c o  
2 

and 0 uptake and evolut ion a r e  proceeding a t  t h e  same t i m e  
2 

of t h e  exchange r a t e s  fo r  e i t h e r  g a s  i s  very d i f f i c u l t ,  

~f p k , ~ t o r e s p i r a t i o n  i s  measured a s  the  r a t e  of  co 
2 

w i l l  maximize t h e  problem of  a p a r t i a l  r e f i x a t i o n  by photo- 



I f  t h e  t e c h ~ i ~ u e  of ex t rapola t ing  the  graph of apparent  photo- 

s y n t h e s i s  vz C02 concentrat ion t o  ' z e r o '  CO concentrat ion 
2 

i s  used (1, 3, 15) , t h i s  i m p l i f i e s  t h a t  t h e  p r o p o r t i o n a l i t y  

between apparent  photosynthesis (APS) and C02 concentrat ion 

which e x i s t s  f o r  CO concentrat ions g r e a t e r  than t h e  co 2 2 

compensation po in t  w i l l  s t i l l  hold f o r  CO concentrat ions 
2 

l e s s  than t h e  compensation poin t .  This p o s s i b i l i t y  has been 

challenged by severa l  workers (5, 1 7 ) .  I f  t h e  decrease i n  n e t  

co uptake due t o  an inc rease  i n  0 concentrat ion i s  used a s  
2 2 

t h e  rate of photorespi ra t ion ,  t h i s  method assumes t h a t  

t h e  decrease i n  n e t  C02 uptake due t o  an inc rease  i n  0 2 

concent ra t ion  i s  due t o  a  St imulat ion of r e s p i r a t i o n  and 

n o t  t o  a  decrease i n  photosynthesis.  This i n t e r p r e t a t i o n  

has been r e c e n t l y  challenged by Samish and K o l l e r ( l 3 )  in 

which they argued t h a t  the  decrease i n  photosynthesis  due 

to increased 0 concentrat ions was due t o  a  d i r e c t  i n h i b i -  
2 

evolu t ion  r a t e s  a r e  t h e  same i s  a t  t h e  CO compensation 
2 

point .  ~t t h i s  concentrat ion t h e r e  i s  no f u r t h e r  n e t  ga in  

of  co2 t o  t h e  p l a n t  b u t  it has been shown t h a t  CO exchange 
2 



i s  s t i l l  proceeding (8) . This  C 0 2  compensation p o i n t  h a s  

been shown t o  b e  p r o p o r t i o n a l  t o  t h e  oxygen concen t r a t i on  

surrounding t h e  l e a f  ( 3 ,  15) . Above sone minimum l i g h t  i n -  

t e n s i t y  ( l i g h t  compensation p o i n t )  when t h e  l i g h t  i n t e n s i t y  

i n c r e a s e s ,  t h e  C 0 2  compensation p o i n t  does  no t  i n c r e a s e  b u t  

remains cons t an t  (18, 20) .  This  was a l s o  found t o  be  t r u e  

a t  d i f f e r e n t  wavelengths o f  l i g h t  i n  Chapter  1. Whether 

t h e  r a t e s  of  CO uptake and evo lu t ion  a r e  i n c r e a s i n g  a t  t h e  
2 

same r a t e  w i t h  i n c r e a s i n g  l i g h t  i n t e n s i t y  i s  no t  known. 

t h e  r a t e s  of co f i x a t i o n  and evo lu t ion  a t  t h e  CO cornpen- 
2 2 

s a t i o n  p o i n t  and 21% 0 d i f f e r  from t h e  r a t e s  o f  f i x a t i o n  
2 

and evo lu t ion  a t  40% O2 and i t s  h ighe r  CO compensation 
2 

p o i n t .  

1f o2 i n h i b i t s  photosynthes i s  and does n o t  a f f e c t  resp-  

t a i n  t h e  ba lance  between photosynthes i  s and r e s p i r a t i o n  t h e  

compensation p o i n t  must a l s o  i nc rease .  T h i s  i n c r e a s e  i n  t h e  

C02 
would i n c r e a s e  t h e  r a t e  of  p h o t ~ s y n t n e s i ~  

j u s t  ba lanc ing  t h e  cons t an t  r a t e  of  r e s p i r a t i o n .  I f  t h i s  i s  

t r u e ,  t h e  r a t e s  of  CO uptake and evo lu t ion  a t  t h e  co 
2 2 

compensation p o i n t  would be  expected t o  be  t h e  same a t  



40% and 21% 0 f o r  a  g iven l i g h t  i n t e n s i t y .  
2 

The h igher  C02 compensation p o i n t  a t  t h e  h ighe r  oxygen 

c o n c e n t r a t i o n s  could a l s o  be  due t o  a  s t i m u l a t i o n  of  resp-  

i r a t i o n .  Th i s  would cause a  s h i f t  t o  a  h igher  CO camp- 2  

e n s a t i o n  p o i n t  where t h e  i nc reased  pho tosyn the t i c  r a t e  due 

t o  t h e  h igher  co2 concent ra t ion  would be  a b l e  t o  ba lance  

t h e  i n c r e a s e d  r a t e  of  r e s p i r a t i o n .  Thus t h e  r a t e s  o f  co 2 

up take  and evo lu t ion  a t  t h e  CO compensation p o i n t  would be  
2 

expected t o  b e  h igher  a t  40% O2 than a t  21% 0 f o r  a  g iven  2 

l i g h t  i n t e n s i t y .  

l end  support  t o  e i t h e r  of t h e s e  hypotheses o r  some i n t e r -  

mediate  i n  which r a t e s  of bo th  pho tosyn thes i s  and photo- 

r e s p i r a t i o n  a r e  a f f e c t e d  by oxygen. 

MATERIALS AND METHODS 

A c losed  system was used conta in ing  a  diaphragm pump, 

f low meter ,  i n f r a r e d  CO g a s  a n a l y s e r  (Beckman Model 215) , 2 

oxygen e l e c t r o d e  (Beckman Yodel 7771, Geiger t ube  (Anton 222) ,  

co2 gene ra t ing  f l a s k ,  and a l e a f  chamber. Tne l e a f  chamber 

and co gene ra t ing  f l a s k  could be  switched o u t  o f  t h e  s y s t e n  
2 



without  opening t h e  system. 

A s i n g l e  a t t ached  soybean l e a f  was sea led  i n  t h e  p lex i -  

g l a s s  chamber and i l luminated  with white l i g h t  (about 10 x  10 
4  

-2 -1 
ergs  cm s e c  from 400 t o  720 nm). A i r  containing 350 pl/l 

CO and 21% 0 was passed over t h e  l e a f  a t  2.5 l/min f o r  about 
2 2 

one hour u n t i l  a  constant  r a t e  of photosynthesis  was reached. 

The system was closed and t h e  CO concentrat ion i n  t h e  system 
2 

reduced t o  t h e  compensation po in t  by t h e  l e a f .  The sys tem 

was opened, recharged wi th  350 p1 /1  CO and 21% 0  i n  a i r ,  2 2 

o u t  of t h e  system, a  50 p 1  sample of  r ad ioac t ive  sodium 

carbonate  so lu t ion  containing 76.6% Na 14c0 added t o  t h e  
2 3 

co -generating f l a s k ,  and the  gaseous CO removed from a l l  
2  2 

of t h e  system except t h e  l e a f  chamber by a  CO scrubber ,  2 

Twenty drops of 18 N H2S04 were added t o  t h e  sodium car- 

bonate  through a  serum cap and when t h e  t o t a l  CO concen- 
2  

t r a t i o n  (CO i n  equation 4) i n  t h e  system reached t h e  

2~ 
co compensation p o i n t  t h e  generat ing f l a s k  was d i a l e d  out.  

2 

BY manipulat ing t h e  CO -generat ing f l a s k  and t h e  CO scrubber 
2 2 

any co concentrat ion could be a th ined  i n  t h e  closed system. 
2 

This  process  usua l ly  took between 2 and 3 minutes. When 



t h e  CO concen t r a t i on  was a t  t h e  compensation p o i n t ,  t h e  l e a f  
2  

1 2  
chamber was d i a l e d  back i n  and t h e  changes i n  CO concentra-  2  

t i o n  measured by t h e  i n f r a r e d  gas  ana lyse r  and t h e  changes in 

14 
CO concen t r a t i on  measured by t h e  Geiger tube.  The e f f e c t  

2  

of  t h e  h i g h  l 4 c O 2  concen t r a t i ons  on t h e  i n f r a r e d  gas  a n a l y s e r  

i s  desc r ibed  i n  ~ ~ ~ e n d i x  D and i s  inc luded  i n  t h e  c a l c u l a t i o n s ,  

A f t e r  15  minutes,  t h e  C 0 2  i n  t h e  system was removed 

by t h e  sc rubber  and t h e  system opened t o  a  gas  s t ream of  

350 pl/l co2 and 21% O2 i n  a i r .  If t h e  system was c lo sed  

a g a i n ,  ve ry  l i t t l e  1 4 C 0  was found t o  be  r e l e a s e d  by t h e  
2  

t i o n  o r  a  new l i g h t  i n t e n s i t y  a f t e r  a  s u i t a b l e  a d a p t a t i o n  

p e r i o d  a t  t h e  new condi t ions .  A t  t h e  end o f  t h e  f i rs t  

experiment,  t h e  r a t e s  of apparen t  photosynthes i s  a t  2% 0 
2 

were determined f o r  t h e  l i g h t  i n t e n s i t y  O r  i n t e n s i t i e s  t h a t  

were t o  b e  used on t h a t  l e a f  and aga in  checked a t  t h e  end 

of  t h e  second feeding.  Holding t h e  l e a f  i n  t h e  sma l l  chamber 

no appa ren t  e f f e c t  on t h e  CO concen t r a t i on  o f  t h e  compensa- 
2 



t i o n  p o i n t  o r  on subsequent r a t e s  of  n e t  CO f i x a t i o n .  2  

CALCULATIONS 

I f  co o f  s p e c i f i c  a c t i v i t y  76.6 atoms p e r c e n t  14c 
2  

i s  gene ra t ed  i n  a  c losed  system, t h e  p ropor t ion  o f  t h e  

response  on an i n f r a r e d  g a s  a n a l y s e r  which i s  due t o  t h e  

l4CO2 can be  c a l c u l a t e d .  I t  was found t h a t  t h e  Beckman 

IR 215 is 4.8  2.2% a s  s e n s i t i v e  t o  14c0 a s  i t  i s  t o  
2 

12C02 (Appendix D) . Thus f o r  any read ing  on t h e  a n a l y s e r  

i n  which 76.6% of  t h e  C02 i s  14c02, 

14 
13.6% of  t h e  read ing  w i l l  be  due t o  t h e  CO p r e s e n t  2  

(equa t ion  1) , and 86.4% of  t h e  read ing  w i l l  be  due t o  t h e  

12 
CO p r e s e n t  . ~f  12c0 p 1 / 1  carbon d iox ide  a r e  

2  2c 
0 

1 2  
p r e s e n t  i n  t h e  system a t  t h e  t ime of  t h e  l4Co2+ co gen- 2  

e r a t i o n ,  and t h e  a n a l y s e r  i n d i c a t e s  a n  i n c r e a s e  of CO, pl/l 
1 

12 G 
carbon d iox ide ,  then  t h e  t o t a l  12c02 ( C02 ) i n  t h e  system 

T 
i s  found from equa t ion  2. 



The amount of 14C0 p resen t  may be c a l c u l a t e d  from equat ion 3. 
2  

and t h e  t o t a l  amount of  CO ( ~ 0 ~  ) i n  t h e  system can be found 2  
T 

from t h e  sum of equat ions  2 and 3. 

The i n i t i a l  r a t e  of  
1 2  

C 0 2  evolu t ion  was c a l c u l a t e d  f ron  t h e  

i n i t i a l  s lope of  t h e  l2 v s  time graph (equat ion 5) a t  
C02 

time zero  when t h e  l e a f  chamber was d i a l e d  back i n t o  t h e  

system. 

1 2  12 
Net CO, evo lu t ion  r a t e  = d  C02 

14 
The i n i t i a l  r a t e  of CO evolu t ion  was c a l c u l a t e d  from t h e  

2  
14 

s lope  of t h e  CO a c t i v i t y  curve v s  time where cpm (time = 0) 2 

was t h e  t o t a l  a c t i v i t y  i n  t h e  system a t  time zero.  



14 
2.83 x co2 14  

CO uptake r a t e  = G x d co2 
2 

The t o t a l  r a t e  o f  uptake was c a l c u l a t e d  from the  i n i t i a l  

r a te  o f  14c0 uptake t imes t h e  r a t i o  o f  t he  t o t a l  CO atoms 
2 2 

e 14  
p r e s e n t  t o  t h e  CO atoms p r e s e n t .  

2 

Rate o f  t o t a l  
2.83 x co2 

- 
14 1 2 C 0 2  + 3 . 6 9 ~ 0 ~  

- 
CO uptake 

G x 
2 

C02 x S 
d t  

G (7 )  

Cpm(time = 0 )  2.83 co2 
G 

The n e t  12C0  e v o l u t i o n  r a t e  (equa t ion  5)  and t h e  14  
2 C02 

up take  r a t e  (equa t ion  6 )  should be e q u a l .  

RESULTS 

14 
The measurements of t h e  r a t e s  o f  CO, f i x a t i o n  and 

L 

1 2  
n e t  C 0 2  e v o l u t i o n  a t  t h e  compensation p o i n t  were made 

independent ly .  A s  Table I shows, t h e  r a t e s  were e q u a l  

w i t h i n  t h e  l i m i t s  o f  the exper iment .   his. i n t e r n a l  

comparison i n d i c a t e s  t h a t  t he  technique used gave v a l i d  

measurements o f  t h e  r a t e s  o f  co exchange a t  t h e  compensation 
2 

p o i n t .  

14  
The r a t e  o f  CO uptake measured a t  t h e  compensation 

2 
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p o i n t  cou ld  be a r a t e  o f  p h o t o s y n t h e t i c  
14 

C02 
f i x a t i o n  o r  

it could  be due t o  an e q u i l i b r i u m  r e a c t i o n  between t h e  

14 co o u t s i d e  t h e  l e a f  and t h e  1 2 C 0  pool  i n s i d e  t h e  l e a f .  
2 2 

1;t h a s  been shown t h a t  C02 o u t s i d e  t h e  l e a f  can e n t e r  t h e  

l e a f  and be f i x e d  w i t h i n  2 s e c  and t h a t  t h i s  CO can be 
2 

r e s p i r e d  and beg in  t o  reappear  o u t s i d e  t h e  l e a f  i n  1 5  t o  45 

s e c  o r  p o s s i b l y  l e s s  (9) . I t  h a s  a l s o  been found t h a t  t h e  

co poo l  s i z e  i n  t h e  l e a f  i s  v e r y  smal l  ( 7 )  . Therefore  t h e  
2 

14  
measurement of  t h e  r a t e  o f  CO uptake i s  more l i k e l y  a 

2 

measure o f  i t s  r a t e  of p h o t o s y n t h e t i c  f i x a t i o n  than a measure 

12  o f  its' e q u i l i b r a t i o n  r a t e  w i t h  an i n t e r n a l  co poo l .  
2 

A Fi she r  t t e s t  f o r  t h e  comparison of  p a i r e d  samples 

showed t h a t  t h e  r a t e s  of  C02 uptake a t  t he  compensation 

p o i n t  were always g r e a t e r  a t  t he  h igh  l i g h t  i n t e n s i t y  than 

a t  low l i g h t  i n t e n s i t y .  Both r a t e s  of  CO exchange (photo- 
2 

s y n t h e s i s  and r e s p i r a t i o n )  a t  t h e  compensation p o i n t  were 

found t o  i n c r e a s e  w i t h  l i g h t  i n t e n s i t y  (F ig  1 A )  even though 

t h e  co2 compensation p o i n t  remained the  same. 

The co2 compensation p o i n t  was found t o  be p r o p o r t i o n a l  

t o  t h e  o2 c o n c e n t r a t i o n  ( ~ i g  2) a s  h a s  been r e p o r t e d  p r e -  

v i o u s l y  ( 3 ,  15)  . The r a t e s  o f  CO uptake and evol .u t ion 
2 

a t  t h e  compensation p o i n t  a l s o  i nc reased  a s  t h e  i n c r e a s i n g  



~ i g u r e  1, (A_) E f f e c t o f  0 c o n c e n t r a t i o n  on t h e  r a t e s  o f  CO 
2  2  

uptake  and e v o l u t i o n  a t  t h e  C02 compensation 

p o i n t  a t  h i g h  and low l i g h t  i n t e n s i t i e s .  

4 -1 
@ 2 8  x 10 e r g s  cme2 s e c  (400 - 700 nm) 

4 -1 
0 6.5  x 10 e r g s  cm-2 s e c  (400 - 700 nm) 

1 (g) Rates  of  CO uptake  a t  2 % 0 2  and t h e  C02 - 2 

c o n c e n t r a t i o n s  o f  t h e  compensation p o i n t s  i n  

F i g  A a t  h igh  and low l i g h t  i n t e n s i t y .  

4 - 1 
a 2 8  x 10 e r g s  cmW2 s e c  (400 - 700 nm) 

4 -2 -1 
0 6.5 x 10 e r g s  cm s e c  (400 - 700 nm) 





Fiqure  - 2 E f f e c t  of o2 on t h e  CO compensation p o i n t  
2 

i n  a t t a c h e d  soybean leaves .  



% oxygen 



0 c o n c e n t r a t i o n  r e s u l t e d  i n  an inc reased  CO compensation 
2 2  

p o i n t  (Tab] e  1) . These inc reased  r a t e s  of  CO exchange were 
2  

n o t  p r o p o r t i o n a l  t o  t h e  CO compensation p o i n t  b u t  tended t o  
2 

s a t u r a t e .  f o r  O2 c o n c e n t r a t i o n  above 40% 0 ( ~ i g  1A) . 
2 

For each  o f  t h e  CO c o n c e n t r a t i o n s  a t  t h e  compensation 
2 

p o i n t s ,  t he  r a t e  o f  C 0 2  f i x a t i o n  a t  t h a t  CO c o n c e n t r a t i o n  
2 

and 2% o2 was determined ( ~ i g  1 B )  . This r a t e  of  co f i x a -  
2 

t i o n  a t  t h e  compensation p o i n t  r e l a t i v e  t o  t h e  r a t e  a t  2% 

0 g i v e s  a  percen tage  i n h i b i t i o n  of  the maximum r a t e  of  
2 

f i x a t i o n  due t o  the i n c r e a s i n g  0 c o n c e n t r a t i o n  ( ~ i g  3 )  . 
2  

~t low l i g h t  i n t e n s i t y ,  t h e  r a t e  of  C 0 2  f i x a t i o n  a t  10% o2 

was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from the  rate a t  2% 0 
2 

and the  same C 0 2  c o n c e n t r a t i o n  (based on t h e  F i s h e r  t t e s t  

f o r  t h e  comparison of  p a i r e d  samples)  . The r a t e  o f  co 
2 

f i x a t i o n  f o r  a l l  o f  t h e  o t h e r  compensation p o i n t s  was always 

l e s s  than the  r a t e  of C o g  f i x a t i o n  a t  2% 0 and t h e  same 
2  

co c o n c e n t r a t i o n   a able 1) .  his percen tage  i n h i b i t i o n  of 
2 . 

t h e  r a t e  of  n e t  C 0 2  f i x a t i o n  a t  2% 0 was found t o  i n c r e a s e  2  

w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  (F ig  3 )  . The v a l u e  on 

F i g  3 f o r  low l i g h t  i n t e n s i t y  and 80% 0 i s  t h e  o n l y  va lue  2 

where t h e  cog c o n c e n t r a t i o n  i s  no longer  a  l i m i t i n g  f a c t o r .  



Fiqure  - 3 The r a t e  of  CO f i x a t i o n  a t  t h e  CO co,npensation 
2 2 

p o i n t  expressed a s  a percentage of  t h e  r a t e  of 

C02 
f i x a t i o n  a t  2% 0 and t h e  sane CO 

2 2 

concent ra t ion .  



I I I 
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\ o 28x1 o4 ergs cm-2sec 
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DISCUSSION 

Since  t h e  CO compensation p o i n t  i s  p r o p o r t i o n a l  t o  
2 

t h e  oxygen concen t r a t i on ,  i t  q i g h t  be  expected t h a t  i t  would 

g i v e  a n  i n d i c a t i o n  o f  t h e  r e l a t i v e  r a t e s  o f  p h o t o s y n t h e s i s  

and r e s p i r a t i o n  a t  d i f f e r e n t  compensation p o i n t s .  However, 

i t  has been shown t h a t  t h e  compensation p o i n t  i s  no t  a f f e c t e d  

by l i g h t  i n t e n s i t i e s  above t h e  l i g h t  compensation p o i n t  (18, 2 0 ) ,  

1 The co2 compensation p o i n t  f a i l s  t o  show t h a t  t h e  r a t e  o f  photo- 

t syn thes i s  a t  t h e  compensation p o i n t  i n c r e a s e s  w i t h  l i g h t  

i n t e n s i t y  and t h a t  t h i s  i n c r e a s e  i s  e x a c t l y  matched by an  

i n c r e a s e  i n  t h e  r a t e  of p h o t o r e s p i r a t i o n  ph able I) . T h i s  

I i n c r e a s e  i n  t h e  r a t e  of  r e s p i r a t i o n  would appear  t o  b e  a 

I 
I 

t r u e  l i g h t  s t i m u l a t i o n  o f  r e s p i r a t i o n .  I f  i t  were t h e  r e -  

s u l t  of an  i n c r e a s e  i n  t h e  carbon s u b s t r a t e  f o r  p h o t o r e s p i r a -  

t i o n  due t o  a n  i n c r e a s e d  r a t e  o f  pho tosyn thes i s ,  t h e n  s.nal1 

i n c r e a s e s  i n  co c o n c e n t r a t i o n  would have t h e  sarne r e s u l t  
2 

and l e a d  t o  a h ighe r  compensation p o i n t  which i s  n o t  found. 

The i n c r e a s e  i n  l i g h t  i n t e n s i t y  could a l s o  reduce  t h e  stomata1 

r e s i s t a n c e  t o  CO d i f f u s i o n .  A dec rease  i n  r e s i s t a n c e  could 
2 

r e s u l t  i n  a g r e a t e r  r a t e  of  CO e v o l u t i o n  and up take  a t  t h e  
2 

compensation p o i n t  b u t  would no t  n e c e s s a r i l y  change t h e  



co2 compensation p o i n t .  

The compensation p o i n t  a l s o  exagge ra t e s  t h e  e f f e c t  t h a t  

0 c o n c e n t r a t i o n  h a s  on t h e  r a t e s  of CO uptake and e v o l u t i o n  
2 2 

a t  t h e  compensation p o i n t .  Where it would appear t h a t  

t h e  r a t e s  of c02 exchange a t  t h e  compensation p o i n t  should 

i n c r e a s e  w i t h  O2 c o n c e n t r a t i o n  from 2 t o  80% 0 t h e  com- 
2 ' 

p e n s a t i o n  p o i n t  g i v e s  no i n d i c a t i o n  of t he  s a t u r a t i n g  e f f e c t  

on t h e s e  r a t e s  f o r  0 c o n c e n t r a t i o n s  above 40%. 2 

There a r e  a t  l e a s t  two b a s i c a l l y  d i f f e r e n t  hypotheses  

which could be proposed t o  e x p l a i n  t h e s e  r e s u l t s .  Oxygen 

could  e i t h e r  i n h i b i t  pho tosyn thes i s  o r  s t i m u l a t e  p h o t o r e s p i r a -  

t i o n  o r  some combination o f  bo th .  If t h e  i n c r e a s i n g  0 
2 

c o n c e n t r a t i o n  i n h i b i t s  p h o t o s y n t h e s i s ,  then t h e  h i g h e r  t h e  

0 t he  g r e a t e r  t h e  i n t e r n a l  r e s i s t a n c e  t o  
2 

co f i x a t i o n  and the  g r e a t e r  t h e  pe rcen tage  of  any r e s p i r e d  
2 

C02 
t h a t  would appear  o u t s i d e  t he  l e a f .  This h i g h e r  co 

2 

e v o l u t i o n  r a t e  t o  t h e  o u t s i d e  o f  t h e  l e a f  would r e s u l t  i n  

an i n c r e a s e  i n  t h e  compensation p o i n t  o u t s i d e  t h e  l e a f .  

The e x t e r n a l  co2 c o n c e n t r a t i o n  would i n c r e a s e  u n t i l  t h e  

d i f f u s i o n  g r a d i e n t  f o r  C02 i n t o  t h e  l e a f  was h i g h  enough t o  

r e s u l t  i n  a r a t e  o f  CO f i x a t i o n  equa l  t o  t h e  i nc reased  r a t e  
2 

of  co2 e v o l u t i o n  t o  t h e  o u t s i d e  o f  t h e  l e a f .  If t h e r e  were 



no change i n  t h e  s tomata1 r e s i s t a n c e  w i t h  i n c r e a s i n g  0 
2 

c o n c e n t r a t i o n  (no evidence i s  a v a i l a b l e  t o  t h e  c o n t r a r y )  

it would be  expected t h a t  t he  r a t e s  o f  CO i n f l u x  would 2 

d e c r e a s e  w i t h  i n c r e a s i n g  oxygen and c o n s t a n t  CO c o n c e n t r a t i o n  
2 

(F ig  1~ vs  F ig  1 B ) .  A s  t h e  compensation p o i n t  i n c r e a s e s  w i t h  - 

o2 c o n c e n t r a t i o n ,  t he  r a t e s  of C 0 2  exchange would s t i l l  i n c r e a s e  

because o f  t h e  g r e a t e r  percen tage  of  r e s p i r e d  CO which appears  
2 

o u t s i d e  t h e  l e a f .  ~ a s e d  on t h i s  t heo ry  t h e  s a t u r a t i o n  of t h e  

r a t e s  of  co2 exchange a t  h i g h  0 c o n c e n t r a t i o n s  would n o t  be 2 

expected.  

c a l c u l a t i o n ,  most of  t h e  i n h i b i t i o n  of pho tosyn thes i s  due t o  

oxygen observed by d i f f e r e n t  r e s e a r c h e r s  ( 3 ,  15)  can be 

accounted f o r  by t h e  r e s e a r c h e r ' s  i n c o r r e c t  use  o f  t h e  ex- 

t e r n a l  co2 c o n c e n t r a t i o n  f o r  t h e  a c t u a l  i n t e r n a l  co con- 
2 

c e n t r a t i o n  i n  c a l c u l a t i n g  r a t e s  of p h o t o s y n t h e s i s .  The i r  

c a l c u l a t i o n s  show t h a t  a t  h i g h e r  0 c o n c e n t r a t i o n s  an i n c r e a s e  2 

i n  t h e  mesophyll  r e s i s t a n c e  t o  CO f i x a t i o n  could accoun t  
2 

f o r  t h e  decreased  r a t e s  of  n e t  pho tosyn thes i s .  The i r  c a l -  

c u l a t i o n s  a r e  based on the  equa t ion :  0 = P-L where # 

i s  t h e  magnitude of n e t  p h o t o s y n t h e s i s ,  P i s  t h e  i n f l u x  o f  

co i n t o  t h e  l e a f  and L is the  e f f l u x  of  CO from t h e  l e a f .  
2 2 



From t h i s  equa t ion  they  develop the  r e l a t i o n s h i p  t h a t :  

where [co2 lex i s  t h e  co2 concen t r a t i on  o u t s i d e  t h e  l e a f ,  

RCO r e p r e s e n t s  t h e  o v e r a l l  r e s i s t a n c e  t o  t he  CO uptake 
2  2 

from t h e  bu lk  atmosphere,  and r i s  t h e  r e s i d u a l  i n t e r c e l l u l a r  
m 

r e s i s t a n c e s  t o  co uptake from the  i n t e r c e l l u l a r  atmosphere 
2  

i n  t h e  mesophyll ( [CO 1 .  ) i n t o  the  p h o t o s y n t h e t i c  s i t e s .  
2  m t  

Thei r  second equa t ion  can be r ea r r anged  t o :  

R 
Below co2 compensation, where [c021int > [ c o ~ ] ~ ~ ~ .  rm > co2, 

R 
b u t  co2 i s  t h e  t o t a l  r e s i s t a n c e ,  and r i s  on ly  p a r t  of  i t .  m 

If LC021int i s  r e d e f i n e d  a s  t he  i n t e r c e l l u l a r  CO c o n t r i b u t e d  
2  

from o u t s i d e  t h e  l e a f ,  then t h e i r  a l g e b r a i c  development, 

r = [ coZI in t /~  a t  compensation. i s  n o t  v a l i d  s i n c e  [CO 1 
m 2 - i n t  

is n o t  equa l  t o  t h e  e x t e r n a l  CO c o n c e n t r a t i o n .  Thus even 2  
F 

though t h e i r  b a s i c  contept may be v a l i d ,  t h a t  t h e  i n h i b i t i o n  

of p h o t o s y n t h e s i s  due t o  0 can be expla ined  by an i n c r e a s e  i n  
2  

t h e  mesophyll r e s i s t a n c e  and n o t  due t o  a  s t i m u l a t i o n  of  photo-  

r e s p i r a t i o n ,  i t  i s  imposs ib le  t o  t e s t  t h i s  t heo ry  based on 

t h e i r  e q u a t i o n s .  

I n  the second h y p o t h e s i s ,  if O2 does  n o t  i n h i b i t  photo- 

s y n t h e s i s  b u t  s t i m u l a t e s  r e s p i r a t i o n ,  t h e  i n c r e a s e  i n  t h e  com- 

pensa t ion  p o i n t  would a l s o  be expected t o  be p r o p o r t i o n a l  t o  



t h e  o2 c o n c e n t r a t i o n ;  t h e  i nc reased  r a t e  of  r e s p i r a t i o n  be ing  

ba lanced  by the  i nc reased  r a t e  of  CO f i x a t i o n  a t  t h e  h ighe r  
2 

compensation p o i n t .  Again f o r  0 c o n c e n t r a t i o n s  above 40% 0 2 2 ' 

it would have t o  be proposed t h a t  t h i s  s t i m u l a t o r y  e f f e c t  of  0 
2 

becomes s a t u r a t e d .  But i f  t h i s  were s o  then the  compensation 

p o i n t  should a l s o  l e v e l  o f f  i n  t h e  same manner which was n o t  

found ( ~ i g  2) . Thus n e i t h e r  hypo thes i s  appears  a b l e  t o  

e x p l a i n  f u l l y  t h e  exper imenta l  r e s u l t s .  

The r e s u l t s  r e p o r t e d  h e r e  could be exp la ined  by a  s t i m u l a -  
_2_ 

t i o n  of  p h o t o r e s p i r a t i o n  by i n c r e a s i n g  O., c o n c e n t r a t i o n  accom- 
b 

panied  by an i n c r e a s e  i n  t h e  s tomata1 d i f f u s i o n  r e s i s t a n c e .  An 
U.... -. -": --e-- -rr%u- -.. -- ILI, . *IlnulPllqyc, 

i n c r e a s e  i n  t h e  s toma ta l  r e s i s t a n c e  t o  CO d i f f u s i o n  would n o t  2 

a l te r  the  co2 compensation p o i n t  b u t  it would lower t h e  r a t e s  

of  co2 exchange a t  t he  compensation p o i n t .    his could  a l s o  

e x p l a i n  e a r l i e r  r e p o r t s  (3 ,  1 5 )  i n  which t h e  i n h i b i t o r y  e f f e c t  

of  o2 on r a t e s  o f  A P S  was a t t r i b u t e d  t o  two a f f e c t s :  

s t i m u l a t i o n  of p h o t o r e s p i r a t i o n  which could be seen  

i n c r e a s e  i n  t h e  co2 compensation p o i n t  wi th  0 and ( 2 

(1) t h e  
\ 

by t h e  

2) t h e  

d i r e c t  i n h i b i t i o n  o f  pho tosyn thes i s  which r e s u l t e d  i n  t h e  
- - __\ 

d e c r e a s i n g  ca rboxy la t ion  e f f i c i e n c y  which was observed w i t h  
-"*s- - - a. 

increas ing  0 c o n c e n t r a t i o n .  , This  d i r e c t  a f f e c t  of  o on 
- -..--- 2 / 2 

p h o t o s y n t h e s i s  could be exp la ined  by an i n c r e a s e  i n  s t o m a t a l  

r e s i s t a n c e  w i t h  0 concen t r a t i on  and would n o t  r e q u i r e  a  2 

d i r e c t  i n h i b i t i o n  o f  CO f i x a t i o n .  2 
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EPILOGUE 

~t t h e  time t h a t  t h i s  r e sea rch  was begun, t h e r e  were 

t h r e e  t r o p i c a l  p l a n t s  (corn,  sorghum and sugarcane) which 

were known t o  have d i f f e r e n t  gas  exchange k i n e t i c s  from a l l  

o t h e r  p l a n t s  t e s t e d .  These p l a n t s  had r a t e s  of CO f i x a t i o n  2 
* 

r epor ted  t o  be  almost twice t h a t  of o t h e r  p l a n t s  (5,  g ) ,  

t h e s e  r a t e s  were unaffec ted  by 0 concent ra t ions  from 2 t o  2 

21% o2 (7 ,  2 1 ) ,  they  had a  very low CO coinpensation p o i n t  2 

( 7 ,  14) and these  p l a n t s  had no pos t - i l luminat ion  b u r s t .  

~ 1 1  o t h e r  p l a n t s  t h a t  had been s t u d i e d  a t  t h a t  t ime had gen- 

e r a l l y  lower r a t e s  of  apparent  photosynthesis  : t h e s e  r a t e s  

they had high C02 compensation p o i n t s  ( & S O  pl/l C02) a t  

21% 02, t h e  compensation p o i n t s  were p ropor t iona l  t o  oxygen 

concent ra t ion  and they had a  s i g n i f i c a n t  pos t - i l lumina t ion  

b u r s t  a t  21% 02. I t  was thought t h a t  t h e s e  c h a r a c t e r i s t i c s  

were r e l a t e d  and due t o  a  s t imula t ion  of  t h e  r a t e  of  co 
2 

evo lu t ion  i n  t h e  l i g h t  c a l l e d  pho to resp i ra t ion  which was no t  

t h e  same process  a s  dark r e s p i r a t i o n .  The primary purpose 

of my resea rch  was then t o  t r y  t o  determine t h e  a c t i o n  spec- 

trum of pho to resp i ra t ion .  

*Epilogue re fe rences  begin on page 134 



Since t h a t  time many more s i m i l a r i t i e s  and d i f f e r e n c e s  

between t h e s e  two types of p l a n t s  h a - ~ e  been found. Of t h e  

four  main evolu t ion  l i n e s  i n  t h e  Gramineae ( ~ e s t u c o i d e a e ,  

Bambusoideae, ~ u p a n i c o i d e a e ,  and Chloridoideae) , a l l  p l a n t s  

p roper ly  c l a s s i f i e d  i n  t h e  Chlor idoid-eragras to id  and Panicoid 

l i n e s  have c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  t r o p i c a l  g rasses  

mentioned e a r l i e r  ( 3 ) .  These t r o p i c a l  g r a s s e s  and some 

dicotyledon spec ies  (13) have t h e i r  primary products  of 

photosynthesis  mainly i n  C-4 d ica rboxy l i c  a c i d s  (8, 13) , 

low compensation po in t s  (31, no e f f e c t  of 0 on r a t e s  of photo- 2 

s y n t h e s i s ,  r e t a i n e d  12-15% of a s s i m i l a t e d  carbon-14 products  

i n  t h e  fed a rea  a f t e r  24. hr  ( l l ) ,  and a r e  anatomical ly  and 

c y t o l o g i c a l l y  q u i t e  d i f f e r e n t  from temperate g r a s s e s  ( 2 ,  3,  13) . 
Temperate g r a s s e s  and t h e  o t h e r  t r o p i c a l  g r a s s e s  on t h e  o t h e r  

hand have t h e  primary carbon-14 products of  photosynthesis  

t i o n  p o i n t s ,  higher  r a t e s  of photosynthesis  a t  2% 0 than 
2 

a t  21% 02 ,  30-50% of  a s s i m i l a t e d  carbon-14 i n  t h e  f ed  a r e a  

a f t e r  24 h r  (ll), and d i f f e r e n t  anatomical and c y t o l o g i c a l  

f e a t u r e s  (2 ,  3 ) .  

T ~ U S  pho to resp i ra t ion  i s  only  one aspec t  of  a  much 

g r e a t e r  a r e a  o f  r e sea rch  involved i n  d i s t i n g u i s h i n g  between 

t h e s e  two evolu t ionary  types of  p l a n t s .  With an understanding 



of t h e  b a s i c  causes of  these  d i f f e r e n c e s  it might be  p o s s i b l e  

by g e n e t i c  s e l e c t i o n  o r  use o f  i n h i b i t o r s  t o  s e l e c t  t h e  more 

d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  producing p l a n t s  w i t h  h igher  

r a t e s  of  primary p roduc t iv i ty .  The r e c e n t  r e p o r t  t h a t  t h e  

two phys io log ica l  and phenotypical ly  d i f f e r e n t  types of 

p l a n t s  have been found wi th in  t h e  same genus may permit  work 

along t h e  g e n e t i c  s e l e c t i o n  l i n e s  t o  begin ( 4 ) .  

From t h e  work repor ted  i n  t h i s  t h e s i s  t h e r e  a r e  s e v e r a l  

l i n e s  of  r e sea rch  t h a t  should be continued. The a c t i o n  

s p e c t r a  a t  2 and 21% 0 on a  wider v a r i e t y  of p l a n t s  should 2 

be  c a r r i e d  out  ( e s p e c i a l l y  b lue  spruce because of  Poskuta ' s  

work) t o  be  s u r e  t h a t  t h e  e f f e c t s  r epor ted  here  a r e  n o t  con- 

f ined  t o  p a r t i c u l a r  f ami l i e s  of  p l a n t s  b u t  a r e  a  more gen- 

e r a l  phenomenon. These i n v e s t i g a t i o n s  should a l s o  be 

c a r r i e d  o u t  on leaves  of  d i f f e r e n t  ages t o  s e e  whether t h e  

c l o s e  r e l a t i o n s h i p  between t h e  a c t i o n  s p e c t r a  of photosynthesis 

and pho to resp i ra t ion  cont inues on i n  o l d e r  leaves .  

The simultaneous measurements of  photosynthesis  and 

pho to resp i ra t ion  a t  t h e  compensation p o i n t  were c a r r i e d  o u t  

a t  t h e  compensation p o i n t  due t o  t e c h n i c a l  problems t h a t  

a r i s e  i n  t r y i n g  t o  c a r r y  t h e s e  measurements o u t  a t  any 

o t h e r  co concentrat ion.  With modif icat ions i n  t h e  tech- 
2 

niques ,  i t  might be p o s s i b l e  t o  measure simultaneous r a t e s  



of  c O 2  exchange a t  CO concent ra t ions  normally e x p e r i e n c e i  by 
2 

p l a n t s .  This could add very u s e f u l  information i n  he lp ing  t o  

d i s t i n g u i s h  between t h e  two main c u r r e n t  i n t e r p r e t a t i o n s  of t h e  

o e f f e c t  on photosynthesis  i n  whole leaves.  The e f f e c t  of 
2 

0 concent ra t ions  on stomata1 movement i s  a l s o  needed i n  t h i s  
2 

a r e a  of research.  With t h e  system used i n  Chapter 2 and t h e  

use  of  an analogue computer it should be  p o s s i b l e  t o  do a  

c a r e f u l  a n a l y s i s  of t h e  P I B  during t h e  e n t i r e  f i r s t  60 set 

a . f t e r  t h e  onse t  of  darkness.  This would g i v e  added information 

a s  t o  t h e  decay of t h i s  high r a t e  of r e s p i r a t i o n  i n  t h e  l i g h t  

and i t s  p o s s i b l e  r e l a t i o n s h i p  t o  t h e  cont inuat ion  of  o r  

beginning of dark r e s p i r a t i o n .  

S ince  i t  i s  now p o s s i b l e  t o  achieve high r a t e s  of photo- 

s y n t h e s i s  using narrow band-pass f i l t e r s  on whole a t t a c h e d  

l e a v e s ,  f u r t h e r  experiments on t h e  e f f e c t s  of l i g h t  q u a l i t y  

on t h e  carbon-14 products of  photosynthesis  should be c a r r i e d  

out .  These should inc lude  pu l se  feeding experiments t o  s tudy 

t h e  e f f e c t s  of  wavelength of l i g h t  on t h e  subsequent dls-  

t r i b u t i o n  p a t t e r n s  of carbon-14 i n  t h e  l e a f  and t h e  p o s s i b l e  

e f f e c t s  t h a t  t h e s e  p a t t e r n s  might have on t r a n s l o c a t i o n ,  





APPENDIX A 

Control  of Light  Q u a l i t y  and I n t e n s i t y  - 

The xenon lamp when opera t ing  a t  i t s  r a t e d  power of  

5,000 w a t t s  produces l a r g e  amounts of energy i n  t h e  v i s i b l e  

f a r  r ed  and in f ra - red  regions  of t h e  spectrum. Figure 1 

shows t h e  spectrum of t h e  l i g h t  a s  recorded by t h e  ISCO 

~ ~ e c t r o r a d i o m e t e r  28 inches  from t h e  lamp: 

(a) without  any f i l t e r s  

(b) with  a  15 cm water f i l t e r  

(c) wi th  1 ~ i c r o l i t e  h e a t  f i l t e r  

(d) with  1 ~ i c r o l i t e  hea t  f i l t e r  p l u s  a  15 cm water 

f i l t e r .  

Since n e i t h e r  t h e  water f i l t e r  nor t h e  D i c r o l i t e  f i l t e r  i s  

capable  of  removing a l l  of  t h e  r a d i a t i o n  f o r  wavelengths 

longer  than 700 nm, t h e  water and D i c r o l i t e  f i l t e r s  toge the r  

were used during a l l  experiments. The i n t e r f e r e n c e  f i l t e r s  

i n  combination wi th  . the  water and D i c r o l i t e  f i l t e r s  have l e s s  

than  1% transmission f o r  wavelengths from 700 t o  2,000 nm 

(cary ~ ~ e c t r o p h o t o m e t e r  Model 1 4 ) .  With t h e  water and 

D i c r o l i t e  f i l t e r s  i n  p lace ,  t h e  i n t e n s i t y  of  t h e  xenon lamp 

was about 100,000 f t - c  (Sekonic Studio Deluxe f t - c  Meter 



Figure  - 1 S p e c t r a l  d i s t r i b u t i o n  of l i g h t  from a  xenon lamp 

wi th  D i c r o l i t e  and water  f i l t e r s .  



Xenon Lamp and: 

(a )  - No filters 
(b)  ---- 15 crn H 2 0  filter 

(c) - - - - 1 dicrolite filter 
(d) - -. . . . . . 15 cm H20 + dicrolite filters 

- 
I 

Wavelength (nm) 
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Model L-28C) o r  4 x 10 e r g s  cm s e c  (yellow Spr ings  

Ins t rument  Company Radiometer Model 65 ) .  

L i g h t  1 n t e n s i Q  

The l i g h t  i n t e n s i t y  was c o n t r o l l e d  w i t h  Balzer  n e u t r a l  

d e n s i t y  f i l t e r s .  The p e r c e n t  t r ansmis s ion  o f  t h e  f i l t e r s  was 

found t o  vary  s l i g h t l y  from t h e  s t a t e d  p e r c e n t  on t h e  f i l t e r  

when t h e  f i l t e r s  were used i n  p a i r s .  Thus i n t e n s i t i e s  were 

measured ea.ch day w i t h  t h e  rad iometer  f o r  each combination o f  

f i l t e r s  used. 

L i g h t  Q u a l i t y  

Narrow Band-Pass F i l t e r s :  

Table I i s  a  l i s t  of  i n t e r f e r e n c e  f i l t e r s  used f o r  t h e  

i s o l a t i o n  o f  narrow wavelength-regions of  t h e  spectrum. The 

t r a n s m i s s i o n  curves  of  t h e  Balzer  and S c h o t t  f i l t e r s  were 

checked i n  t h e  pe rk in  Elmer spectrophotometer  ( ~ o d e l  450) 

( t h r e e  examples o f  each brand of  f i l t e r  a r e  i n  F ig  2A and 213) . 
The two types  of  f i l t e r s  have ve ry  d i f f e r e n t  t r a n s m i s s i o n  

curves .  The Balzer  f i l t e r s  ( ~ i g  2B) have a  narrow h a l f  band 

wid th  but  t h e i r  t r ansmis s ion  curves  f l a i r  nea r  t h e  bottom t o  

ove r  70 nm a t  0.4% t r ansmis s ion .  I t  was found t h a t  t h e  p e r c e n t  

of t h e  t r a n s m i t t e d  energy o u t s i d e  one f u l l  band wid th  was 

19*3% o u t s i d e  30 nm was 9f3%. For t h e  S c h o t t  f i l t e r s  



Tab le  1 Make and $ band w i d t h s  o f  i n t e r f e r e n c e  f i l t e r s .  

Wavelength 
Peak 
(n1n) 

S - S c h o t t  Depal 

Make 

B - B a l z e r  F i l t r a f l e x  B-40 



td 
r l k  
rd 4J 
Dl 4 
a, -4 
t = l w  



E E E  
C C C  

E E E  
= c c  



( ~ i g  2A), a  wider h a l f  band width i s  l i s t e d  b u t  t h e i r  

t ransmission curves do no t  f l a i r  a s  nuch a t  t h e  base  (to 

50-60 nm) . Only 1&0.5% of t h e  t o t a l  energy t r ansmi t t ed  was 

o u t s i d e  one f u l l  band width. Thus even though t h e  curves a r e  

s i m i l a r  a t  t h e  base,  t h e  half-band widths of t h e  Scho t t  f i l t e r s  

g i v e  a  c l e a r e r  p i c t u r e  of  t h e i r  s p e c t r a l  p r o p e r t i e s ,  

Broad Band-Pass F i l t e r s :  

p a i r s  of v a r i a b l e  band pass  i n t e r f e r e n c e  f i l t e r s  ( s e t  60) 

from Optics  Technology Inc.  were used t o  measure l i g h t  q u a l i t y  

e f f e c t s  where higher i n t e n s i t i e s  Were requi red  than were' 

a v a i l a b l e  wi th  t h e  narrow band-pass f i l t e r s .  The p a i r s  of 

f i l t e r s  combined wi th  a  f a r  red  cu t  o f f  f i l t e r  ( 7 0 0 ~ )  were 

4 -2 -1 
capable of t r ansmi t t ing  a t  l e a s t  15 x  10 ergs  cm s e c  f rom 

2 
t h e  xenon lamp over a 10 cm area .  The percent  t ransmissions 

of t h e  p a i r s  of f i l t e r s  t h a t  were used a r e  shown i n  Fig 3 and 4. 

The 700B-450B coinbination (Fig 4) does not  g i v e  a  t r u e  p i c t u r e  

o f  t h e  l i g h t  used i n  t h e  experiments s i n c e  t h e  xenon lamp 

produces very l i t t l e  energy below 410 nm and t h e  water  and 

D i c r o l i t e  f i l t e r s  remove most of t h e  energy t h a t  would be  

t r ansmi t t ed  by t h e  second peak around 720 nm. The heavy 

d o t t e d  l i n e  on Fig 4 i n d i c a t e s  t h e  s p e c t r a l  d i s t r i b u t i o n  of 

t h e  l i g h t  from t h e  xenon lamp which passes through t h e  











700B-450B filters as recorded by the ISCO spectroradiometer 

(the peak height at 470 nm as measured by the spectroradiometer 

has been adjusted to that of the spectrophotometer for 

compari son) . 



APPENDIX B 

Computer Program f o r  ~ a l c u l a t i n q  -- t h e  Energy D i s t r i b u t i o n  

o f  t h e  Light  Recorded on t h e  I S C O  Spectroradiometer,  -- 

The Instrumentat ion S p e c i a l t i e s  Company (ISCO) spectra- 

radiometer comes equipped with an automatic recorder .  Each 

p o i n t  on t h e  c h a r t  of i n t e n s i t y  vz wavelength must be 

co r rec ted  f o r  t h e  machine's response t o  d i f f e r e n t  wavelengths. 

A simple computer program has been s e t  up t o  c a r r y  ou t  t h e  

c o r r e c t i o n  of t h e  c h a r t  paper values f o r  machine response 

based on a c a l i b r a t i o n  curve made f o r  t h e  spectroradiometer  

using a s tandard  lamp (NO. 173) from ISCO.  The pen response 

of  t h e  recorder  f o r  t h e  radiometer i s  n o t  r a p i d  enough t o  keep 

pace wi th  a sharp  peak i n  a spectrum and r e s u l t s  should be 

eva lua ted  wi th  t h i s  i n  mind. The spectroradiometer  scanner 

can be  operated by hand and thus e l imina te  pen response time 

but a separate  c a l i b r a t i o n  curve i s  requi red  i f  i t  i s  t o  be 

used i n  t h i s  manner. 

The r e s u l t s  given by t h e  program a r e :  

-2 
(a) t o t a l  i n c i d e n t  energy i n  p, wat t s  cm between 

t h e  wavelengths s e l e c t e d  (program c a l c u l a t e s  t h e  

a rea  under t h e  curve of i n t e n s i t y  wavelength 



by u s e  o f  t h e  t r a p e z o i d a l  r u l e ) .  

-2 
t o t a l  energy i n  p w a t t s  cm i n  each o f  seven 

r eg ions  o f  t h e  spectrum ( t h e s e  wavelength 

r eg ions  may b e  changed t o  s u i t  i n d i v i d u a l  needs ) .  

B G Y 0 R FR 

420-4.90 490-580 580-590 590-650 650-700 700- * 

wavelength i n  nm a t  t h e  midpoint  o f  t h e  energy 

d i s t r i b u t i o n .  

-2 -1 
average  i n t e n s i t y  i n  p w a t t s  cm nm over  t h e  

spectrum. 

p l o t  of  wavelength vs energy a t  10 nm i n t e r v a l s ,  

- 2  -2 
0 .3  w a t t s  cm t o  1,000 y w a t t s  cm The c h a r t  paper  va lues  

b e  c o r r e c t e d  f o r  (a)  t h e  response  of t h e  machine t o  d i f f e r e n t  

t i o n  f a c t o r s  f o r  t h e  response  of  t h i s  machine t o  d i f f e r e n t  

wavelengths  from 400 t o  1 ,050 nm a r e  i nc luded  i n  t h e  program 

and were measured on February 21, 1968. These va lues  must 

be changed a f t e r  each new c a l i b r a t i o n  o f  t h e  rad iometer .  A l l  



-2  
100 w a t t s  cm a s  f u l l  scale .  When t h e  radiometer is on 

f u l l  s c a l e  30, a l l  c h a r t  va lues  must be mul t ip l i ed  by 0.3. 

Th i s  s c a l e  f a c t o r  and i t s  use a r e  discussed below. S imi la r ly ,  

-2 
when on s c a l e s  o the r  than t h e  30 o r  100 p wat t  cm s c a l e s ,  

by t h e  appropr ia t e  co r rec t ion  f a c t o r s  l i s t e d  below. 

I•’ on f u l l  s c a l e  0 .3 ,  mul t ip ly  a l l  program readings  by 0.01 



Data Cards 

Card 2. 

Card 3 .  

Card 1. (a) punch i n  any in format ion  d e s i r e d  i n  f i r s t  70 

columns, i. e.  d a t e ,  exper imental  c o n d i t i o n s ,  

e t c .  

(b) t h e  s c a l e  f a c t o r  of 0 .3  i s  p l aced  i n  columns 77 

and 78 of  ca rd  1 i f  t h e  machine i s  on f u l l  

s c a l e ,  0 .3 ,  3 ,  30, o r  300. I f  t h e  machine i s  

on s c a l e  1, 10,  100, o r  1 ,000 ,  t h e  s c a l e  f a c t o r  

i s  1 and columns 77 and 78 a r e  l e f t  b lank .  

I n  t h e  f i r s t  t h r e e  columns p u t  t h e  number o f  

p o i n t s  from t h e  c h a r t  t o  b e  used,  r i g h t  j u s t i f i e d .  

i . e . ,  i f  66 r ead ings  from 400 nm t o  1 ,059  nm a r e  

used,  t h e  66 i s  p laced  i n  columns 2  and 3 .  

s t a r t i n g  w i t h  t h e  c h a r t  read ing  from 400 nm, 

punch d a t a ,  one c h a r t  paper  va lue  f o r  every  10 

spaces  s t a r t i n g  i n  columns 1, 11, 21, e t c .  (8 

numbers t o  a  ca rd .  

The d a t a  ca rds  a r e  added t o  t h e  program (Fig 1) f o r  u se  i n  

t h e  computer. 



Figure  - 1 Computer program f o r  c a l c u l a t i n g  t h e  energy 

d i s t r i b u t i o n  of t h e  l i g h t  recorded on t h e  ISCO 

Spectroradiometer .  
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APPENDIX C 

Computer Proqram - f o r  Calcula t ing  Rates from Curves of  co - -2 
Concentration Versus Time 

To measure t h e  r a t e  of apparent photosynthesis  (APS) a t  

a p a r t i c u l a r  co concentrat ion i n  a  c losed system, t h e  s lope  
2  

of  t h e  graph of  C02 concentrat ion v_s time must be  read a t  t h  

d e s i r e d  CO concentrat ions.  To observe t h e  e f f e c t  of co 
2  2 

concent ra t ion  on t h e  r a t e  of apparent  photosynthesis ,  slopes 

from t h e  graph of  C02 concentrat ion pa time a r e  taken a t  

s e v e r a l  d i f f e r e n t  C02 concentrat ions and these  values a r e  

I p l o t t e d  i n  a  graph of  APS C02 ~ ~ l ~ ~ e n t r a t i ~ n .  A computer 

I program has been s e t  up t o  ca r ry  out  these  c a l c u l a t i o n s ,  The 

computer accepts  values of C02 concentrat ion Q time and 

c a l c u l a t e s  a  t h i r d  order  polynomial equation f o r  t h e  curve 

us ing  t h e  method of l e a s t  squares  ( a l l  po in t s  given equal  

weight ing) .  ~t then d i f f e r e n t i a t e s  t h i s  equation and p r i n t s  

o u t  va lues  f o r  t h e  r a t e  of apparent  photosynthesis  and t h e  

longer  t h e  curve of C02 time remains a t  t h e  compensation 

p o i n t ,  t h e  g r e a t e r  w i l l  be  t h e  d i s t o r t i o n  of t h e  t h i r d  order  



equat ion of CO v s  time and t h e  subsequent d i f f e r e n t i a l  of 
2 - 

t h i s  equat ion used t o  g i v e  APS Q time. Therefore,  when 

ca r ry ing  o u t  t h e  curve f i t t i n g  of APS v s  - t ime, t h e  computer 

u s e s  only numerical va lues  of APS g r e a t e r  than 3 ,  i n  any 

u n i t s ,  a l l  lower va lues  a r e  excluded. This  va lue  of APS was 

found t o  occur a t  C02  concent ra t ions  about 10 pl/l above t h e  

co compensation p o i n t ,  and t h e  removal of t h e s e  va lues  was 
2 

found t o  have very l i t t l e  e f f e c t  on e i t h e r  t h e  c a l c u l a t e d  

r a t e s  o f  APS o r  on t h e  va lues  of APS found when t h e  curve of 

APS vs  CO was ex t rapo la ted  t o  zero CO concent ra t ion .  The - 2 2 

.program takes  t h e  va lues  of  APS g r e a t e r  than  3 ,  wi th  t h e i r  

r e s p e c t i v e  CO concent ra t ion ,  a t  t h e  g iven  time i n t e r v a l s ,  2  

and f i t s  them t o  a  second o rde r  polynomial using t h e  method 

o f  l e a s t  squares  t o  g i v e  an equat ion of  APS CO concentra- 
2 

t i o n .  From t h i s  equat ion,  va lues  of APS a t  p re - se lec ted  

va lues  o f  co2 concent ra t ion  a r e  p r i n t e d  o u t  (0, 25, 5 0 ,  

.,,,,, 375 pl/l). A l l  va lues  of APS a t  CO concen t ra t ions  2  

p o l a t i o n  of t h e  equat ion of APS = CO concent ra t ion .  The 2 

program a l s o  g i v e s  t h e  r o o t  mean square va lue  f o r  each 

equat ion t o  g i v e  an i n d i c a t i o n  of how wel l  t h e  da ta  fit t h e  

p resc r ibed  equation. 



Data Cards 

Card 1. 

Card 2 .  

Card 3 .  

punch i n  any information des i red  i n  f i r s t  70 

columns, i . e .  d a t e ,  experimental  cond i t ions ,  e t c .  

In  the f i r s t  t h ree  columns p u t  the  number of  

p o i n t s  from the graph t o  be used, r i g h t  j u s t i f i e d .  

Values of c02 versus time a r e  punched one p a i r  

of va lues  t o  a  card .  The time i s  placed i n  the  

f i r s t  10 columns and i t s  corresponding co 
2 

concent ra t ion  i n  columns 11 t o  20. 

The d a t a  cards  a r e  added t o  the  program ( ~ i g  1) f o r  use i n  the  

computer . 

Computer P r i n t  O u t  

c o e f f i c i e n t s  a r e :  c o e f f i c i e n t s  f o r  t h i r d  o rde r  equat ion  of co 
2  

v s  time. x = t ime, Y = C02, talc = ca lcu la ted  [CO based on - 2  

t h i r d  o rde r  equat ion ,  Diff  = Y - c ~ ~ c ,  Y Prime = f i r s t  d i f f e r e n t i a l  

of  t h i r d  o rde r  equat ion.  

Coef f i c i en t s  a r e :  Coef f i c i en t s  f o r  second order  equat ion of 

Y prime - vs  C02, C02 = Y,  D co2/ DT = Y Prime, Calc and  iff 

a s  above. Selected va lues  of D C O ~ /  DT (APS) a r e  then l i s t e d  

f o r  d i f f e r e n t  C 0 2  concen t ra t ions .  



Fiqure - 1 Computer program for calculating rates from 

curves of CO concentration versus time, 
2 



0004' 
WID5 
0006  
0007  
9009  
0 0 0 1  
o n t o  
9 0  11 
0017 
0 0 1 1  
9 0 1 4  
001 5 
0 0 t h  
n n l ?  
0019  
0 0 1 7  
9 0 7 1  
0 0 7 1  
Or'?? 
on? t 
9074  
0 0 7 5  
?or+, 
On? 7 
OO? S 
0 n 7 q  
6 0 3 7  
9 0 3 1  
n n i p  
0 0 - 1  
0 0 l 4  
003 5 
on'(+, 
0 0 7 7  
0 0  3q 
o n 3 q  
014 1 
0041  
o n & ?  

0044  
01145 
7 0 4 4  
3 0 4 7  
1048  
oP6q  
01157 
0 0 5 1  
o n s z  
0 0 7 1  
9 n s 4  
on55 
01154 
0 0 5 7  
fm*q 
0 0 5 9  
3 0 6 7  
0 0 6 1  
9 0 0 7  
o n 0 1  
0064  

DIMENSION X I501  rV1501  +h150) .SP1501 , R l 4 I 9 C C V M E N ( Z O I , ~ p ( 3 j , v p ( ~ o ) ,  
I C O N C l l 3 I ~ C d L C I 5 O l ~ 0 l F F 1 5 O l  

DdTA CONCIO. 125. r5O.175.~ loo., 125.1 I50., l75.~2C0.,225.,250.,27s., 
1300.1 
RFACIS, ? ,END=I I  COMMEN - - - - 
FnRM4T(ZO441 
R F b n l 5 * 1 1  N F r ( V ( I l ~ I 1 I l r 1 ~ 1 r h i ~ l  
FORMAT 1131 ( 2 F l O . O I I  
n o  3 I=I.NF 
W l  I I. 1. 
CALL LSPOL13~NE~X1Y1U,  R,SP) 
W R I T F l 6 r 4 l  CflMYEN 
FORMATI ' l a . 2044 /111  
A * R I l I  
R-R12I  
C=R131 
0-R ( 4  I 
A D - R  
RD=2. .C 



F O R T Q A V  I V  G L F V F L  11 MOO 2 D A T E  - 6 8 2 9 2  l l l o s l l o  

11 Z P ( K t 9 O u l  = S P ~ K t R O U l + 5 P 1 h ~ t I Q l  
I n  u = K t N F O  

C F I L L  C T H E R  H A L F  OF S Y * ' 4 E T Q I C  M A T R I X  
K=NFO 
nn IS R O U - ~ . Y E O  
K K = R O W - 1  
L  = 0  
MI 1 6  C O L - 1 , K K  
S P l l  +POW I = S P  I K t C O L  I 

I 6  L = L + N F C  
I 5  K - K + N c O  

nr 2n J=I,YFP 
2 0  R l J l = P l J I + V l I l * S P f ~ N * J I  

c n L L  C I Y ~ P  INEO,ZP,P .YEOI  
1 F I N F O . N E . - 1  I R E T U R N  
WRl  T F  1 6 , l C f l l  

LOO F O R M A T  I '0*** S I N G U L A R  Y A T P I X ,  L S P C L  * * * a )  
N = - 1  
R F T U R N  
E N D  



1, MOD 2 S l M E O  D A T E  = 6 8 2 9 2  1 7 / 0 4 / 1 0  

S U R Q O I J T I Y E  S 1 M F O  I N , A , R I N R O W I  
S I M U L T A N E O U S  F O U A T l C h S  RY E L I M I N A T  I O N  W  I T k  ROW I N T E R C W A N G E S  
F N T F R  W I T H  L H S  M A T R I X  I N  A t  R H S  I N  8. S O L U T I O N  P L A C E D  I h  8. A 1s 
O E S T R I W E O .  N  1 5  N U M B E R  O F  E Q U A T I O N S *  N R O U  I S  N U U B F R  OF R O k S  IN THE 
A  ARRAV.  I F  S Y S T E M  I S  S I N G U L I R I  N I S  S E T  E C V A L  T O  -1. 
n 1 M C N Z l n N  A 1  7 ) . R 1  71 

no L O  VAR=I.Y 
K A = V A P * N R O W  
K K - K A - N R O I  
,!'AX= A S S 1  A l K K + V A P I  I 
M A X = V A R  
nn 5 R ~ W = V A R I N  
0- b B S l A I K K + R O W ) I  
I F I O . L F . Z ' 4 4 X I  G O  T O  5 
I M A X - 0  . 
MAX=ROW 
C O N T I N U E  
l F l ? M b X . F Q . O . I  GO T O  99 
? M A X - 1  . / A l K K t ~ A X )  
L L = N R O h * V A R - N R O c  
00 fl C O L - V A R t N  
I = V A R + L L  
J * M A X + L L  
I l . Z M A X * A l J  I 
1 I J I - A l l l  
A l  I I = D  

9 L L * l L + N 9 O U  
O = l t ' A X * R l U A X I  
R I M A K I = B ( V I S I  
R ( V A Q I = C  
1 F I V A R . F O .  h l  G O  T O  2 0  
J - V A R t  1 
nn l o  ROW-JIN 
L L = K 4  
O = A l  K K + R O U I  
gn 9 C O L = J , Y  
I - L L t R P U  
A (  l ) = I 1  l I - P * d l L L + V b Q l  

9 1 1 - L L t N R O U  
1 0  ~ l R n U I ~ B 1 S 0 U I - R I V A R I r C  
70 M = N - 1  
1 4  0 - R I M )  

J = N  
L L = J * N R O Y - N R n U  

1 7  W W A I L L  t Y  I * B l J )  
J=J-I 
L L = L L - N R O W  
I F I J . N E . M I  GO TO 1 2  
R I P ) - 0  
M.M-l 
I F I * . Y F . O I  GO T O  1 4  
R E T U R N  

09  N = - l  
R E  T U R N  

-- FND - -  - . _ . 



APPENDIX D 

S e n s i t i v i t y  -- of  t h e  I n f r a r e d  -2 CO -- Gas Analyser  t o  14c02 -- 

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

14 
Rad ioac t ive  carbon d iox ide  ( CO ) i s  used i n  many 2  

b i o l o g i c a l  experiments r e l a t e d  t o  pho tosyn thes i s ,  photo- 

r e s p i r a t i o n ,  t r a n s l o c a t i o n  and t h e  produc ts  of  pho tosyn thes i s ,  

Ra tes  of photosynthes i s  a r e  normally measured by t h e  r a t e  of  

14c0 uptake as measured by a  Geiger  t ube  o r  t h e  r a t e  of  12c02 
2  

as measured by an  i n f r a r e d  gas  a n a l y s e r .  To t h e  a u t h o r ' s  know- 

l edge ,  t h e  s e n s i t i v i t y  of  t h e  i n f r a r e d  g a s  a n a l y s e r  t o  14c02 

c o n c e n t r a t i o n s  i s  n o t  known. Most exper iments  u s e  ve ry  low 

c o n c e n t r a t i o n s  o f  14c0 and any e f f e c t s  t h a t  t h e  1 4 C 0 2  m i g h t  2 
12 have on t h e  CO r ead ings  a r e  n o t  d i scussed .  The fol lowing 

2 

exper iments  were c a r r i e d  o u t  t o  determine t h e  e f f e c t  o f  14C02 

on a  Beckman i n f r a r e d  gas  a n a l y s e r  ( ~ o d e l  215).  

M a t e r i a l s  and Methods 

A c l o s e d  system was used con ta in ing  a  diaphragm pump, 

flow meter ,  i n f r a r e d  CO gas  a n a l y s e r  ( I R G A ) ,  and a  co 2 2  

g e n e r a t i n g  f l a s k .  The I R G A  was c a l i b r a t e d  each day w i t h  



s tandard  gases  from Matheson of Canada Limited. 

1 2  
A 100 sample of  a  known concentrat ion of C-sodium 

carbonate  i n  0.12 m l  NaOH was p i p e t t e d  i n t o  t h e  CO genera t ing  2 

f l a s k  and t h e  system f lushed wi th  n i t rogen and closed.  TO 

t h e  sodium carbonate,  0.2 m l  of 18 N H2S04 was added through 

a serum cap, t h e  pump turned on, and t h e  system allowed t o  

e q u i l i b r a t e .  Normally about two minutes wi th  continuous 

a g i t a t i o n  of t h e  genera t ing  f l a s k  was requ i red  b e f o r e  t h e  

co concent ra t ion  remained constant .  Knowing t h e  number of 
2 

moles of  12~-sodium carbonate added (m12) and t h e  f i n a l  

reading of t h e  IRGA i n  pl/l C02 (1Rl2) , t h e  s e n s i t i v i t y  

(s12) of t h e  IRGA t o  a known amount of 12c0 f o r  t h a t  system 
2 

could be ca lcu la ted  (equation 1) . 

This was c a r r i e d  out  wi th  two s tandard  

sodium carbonate  so lu t ions .  The system was f lushed wi th  

n i t r o g e n  a f t e r  each experiment and t h e  genera t ing  f l a s k  

removed and washed and d r i ed .  A sample of a  known concentra- 

t i o n  of  14C-sodium carbonate i n  0.12 N NaOH containing a  

known r a t i o n  of 14c/12c was added t o  t h e  genera t ing  f l a s k  

and t h e  experiment repeated.  The s e n s i t i v i t y  of t h e  IRGA 

t o  14c0 (S14) when generated from a  mixture of 14C02 and 
2 



12co of  known s p e c i f i c  a c t i v i t y  was ca lcu la ted  from 
2 

equat ion 2. 

IR i s  t h e  IRGA reading i n  p 1 / 1  CO a f t e r  t h e  a c i d i f i c a t i o n  
t 2 

o f  t h e  14C-sodium carbonate i n  t h e  system, C i s  a cons tant  

(16) mc i s  t h e  number of m i l l i c u r i e s  per  mole of 14c02# 

t, i s  t h e  h a l f  l i f e  of 14c02. M14 i s  t h e  number of moles 
5 

of 14c0 generated,  M12 i s  t h e  number of p moles of 12c02 
2 

genera ted ,  12C/14c  i s  t h e  r a t i o  of carbon atoms i n  t h e  

sodium carbonate.  

The s e n s i t i v i t y  of t h e  IRGA t o  14c0 r e l a t i v e  t o  l2cO2 2 

('re1 
) was ca lcu la ted  by d iv id ing  equation 2 by equat ion 1 

and t h e  r e s u l t  expressed a s  a percent  (equat ion 3) , 

The sodium carbonate was purchased from: 

1. ~ t o m i c  Energy of Canada S. A. 7 6 . 6  14c t o  t o t a l  C present .  

2. I n t e r n a t i o n a l  Chemical and Nuclear Corporation S .  A. 52.7 

14 
C t o  t o t a l  C present .  

The a c t i v i t i e s  of  t h e  samples (mc/mole) being used were 

measured i n  a Packard Tri-carb s c i n t i l l a t i o n  spectrometer 

( s e r i e s  3000). 



Resu l t s  and Discussion 

TWO d i f f e r e n t  1 4 c / 1 2 C  r a t i o s  were t e s t e d  i n  t h e  IRGA.  

The t o t a l  C02 concent ra t ions  generated i n  t h e  closed system 

v a r i e d  from 600 pl/l CO (October 2 2 ,  1968) t o  40 pl/l co2 
2 

(December 3 ,  1968) . 
The r e s u l t s  i n  t a b l e  I i n d i c a t e  t h a t  t h e  IRGA has  a 

s e n s i t i v i t y  t o  ' 8 0  which i s  about 5% of t h a t  f o r  t h e  
2 

d e t e c t i o n  of 12c02. No cor rec t ion  has been made f o r  t h e  

P o s s i b i l i t y  t h a t  high 14c02 concent ra t ion  might a l t e r  t h e  

s e n s i t i v i t y  of t h e  gas  ana lyse r  t o  1 2 C 0  2  ' NO s i g n i f i c a n t  

14 
d i f f e r e n c e  i n  t h e  s e n s i t i v i t y  of t h e  ana lyse r  t o  co was 

2 
1 2  

found between t h e  two 14c0 / CO r a t i o s  o r  f o r  t h e  d i f f e r e n t  2 2 

C 0 2  concent ra t ions .  

The low s e n s i t i v i t y  of t h e  i n f r a r e d  g a s  ana lyse r  t o  

14C02 i s  no t  completely unexpected. The Beckman ana lyse r  does 

n o t  use t h e  whole absorpt ion  spectrum of CO i n  i t s  measurements. 2 
1 2  

The d e t e c t o r  c e l l  of t h e  IRGA conta ins  C0 a t  a reduced 
I 2 

pressure .  This  g a s  absorbs t h e  i n f r a r e d  r a d i a t i o n  which 

passes  through t h e  sample c e l l  and compares i t  t o  a  known 

amount of i n f r a r e d  r a d i a t i o n  passing down t h e  re fe rence  c e l l .  

Any gas  i n  t h e  sample c e l l  which absrobs i n f r a r e d  r a d i a t i o n  
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i n  t h e  r eg ion  of  peak a b s o r p t i o n  of  1 2 C 0  (1239.41 50 cm-l) 2  

w i l l  i n t e r f e r e  w i t h  t h e  d e t e c t i o n  of  t h i s  gas .  T h e o r e t i c a l l y  

t h e  replacement of  14C f o r  1 2 C  i n  CO should s h i f t  t h e  
2  

a b s o r p t i o n  curve by t h e  square  r o o t  of  t h e  reduced masses. 

12 
The a c t u a l  s h i f t  i n  t h e  a b s o r p t i o n  peak o f  CO due t o  t h e  2  

12 
s u b s t i t u t i o n  of  14c f o r  C has  been measured by Nie l son  e t  

a l e  ( 1 5 ) .  They found t h a t  t h e  band c e n t e r  a t  2349.4 cm-' 

-1 14 
f o r  12c0  has  been reduced t o  2225.85 crn f o r  CO which 

2  2  

w a s  i n  agreement w i t h  t h e  t h e o r e t i c a l l y  p r e d i c t e d  s h i f t .  

T h i s  means t h a t  t h e  i n f r a r e d  r a d i a t i o n  absorbed by 1 4 C 0  i n  
2  

t h e  sample c e l l  i s  o u t s i d e  t h e  main a b s o r p t i o n  r eg ion  of 

12co and a s  a  r e s u l t  should n o t  be  d e t e c t e d  by t h e  IIRA and 
2  

should have very l i t t l e  e f f e c t  on t h e  d e t e c t i o n  o f  
12 

C02 

by t h e  i n f r a r e d  g a s  a n a l y s e r .  A smal l  amount of  o v e r l a p  

of  t h e  two a b s o r p t i o n  curves  could account  f o r  t h e  low 

measurable  s e n s i t i v i t y  of  t h e  IRGA t o  1 4 C 0 2 .  

Thus f o r  low c o n c e n t r a t i o n s  of  l 4 c O 2  (<Go0 F1/l) , 

t h e  i n f r a r e d  CO g a s  a n a l y s e r  i s  on ly  5% a s  s e n s i t i v e  t o  
2  
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