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AB STRAC T 

In thylakoid membranes i n  c h l o r c p l a s t s ,  two r e a c t i c n  

c e n t e r s ,  P680 and P700, use e x c i t a t i o n  energy from 

l igh t -ha rves t ing  complexes t o  send e l e c t r o n s  through a  s e r i e s  o f  

oxidation-reduc t i o n  r e a c t i o n s .  This r e s u l t s  i n  the evo lu t ion  o f  

oxygen and the product ion of two energy-rich molecules,  ATP and 

NADPH. The c h l o r o p l a s t s  a r e  underdeveloped in  p l a n t s  grown in 

the  dark from seeds .  When placed in  the l i g h t ,  t hey  conple te  

t h e i r  development undergoing changes i n  the l i g h t - h a r v e s t i n g  

pigment complex, and the  c a p a c i t y  f o r  e l e c t r o n  t r a n s p o r t .  

If  a  p l a n t ,  p r e v i u s l y  given l i g h t ,  i s  k e ~ t  i n  the dark  f o r  

seve ra l  minutes then  i l lumina ted ,  t h e  photochemistry changes 

over s e v e r a l  seconds before  reaching  a  s t e a d y - s t a t e .  

Fluorescence emit ted from chlorophyl l  molecules i n  the 

1 ight -harves t ing  complex ccmpetes with photochemistry f o r  the 

e x c i t a t i o n  and thus can be used t o  monitor these  changes. 

Fluorescence seen within mi l l i seccnds ,  I?, , i n d i c a t e s  t h e  amount 

and o rgan iza t ion  o f  ch lorophyl l  in  the l i g h t - h a r v e s t i n g  complex, 

whi le  the peak', Fpl seen seconds l a t e r ,  i s  a  measure of  t h e  

oxiciation-reduction change t h a t  occurred .  Oxygen a s  an e l e c t r o n  

acceptor  adds t o  photochemistry t h a t  competes with and quenches 

f luorescence .  

Barley (Hordeum vulgare L. ) was grown in  the da.rk f o r  7 

days and then t r a n s f e r r e d  t o  continuous l i g h t .  During 6 t o  48  

hours of  i l l u m i n a t i o n  the r e l a t i v e  peak f luc rescence ,  

f p  = ( F p  - F, ) / F o r  c o r r e l a t e d  with t h e  increase  i n  

i ii  , 



photosystem I1 a c t i v i t y  measured by t h e  oxygen evolved per u n i t  

l e a f  a r e a .  A t  3 hours  t h e  oxygen evolving system was n o t  f u l l y  

f u n c t i o n a l  and i t s  a c t i v i t y  was l e s s  than ind ica ted  by t h e  

f luorescence ,  f  ,. By 4b hours ,  a l l  measures matched those of 

greenhouse c o n t r o l  p l a n t s  grown in  l i g h t  f o r  8 days. Quenching 

of f by 7 atm of oxygen was 72% a t  3 hours  and l e v e l l e d  o f f  a t  

5 0 %  a f t e r  1 2  hours  of  g r e ~ n i n g .  Oxygen evolved per mg 

chlorophyl l  a l s o  l e v e l l e d  cff a t  t h i s  p o i n t  i n d i c a t i n g  t h a t  the 

e l e c t r o n  t r a n s p o r t  system was complete with only  chorophyil  

s y n t h e s i s  and o v e r a l l  growth con t inu ing .  Cxygen quenched F, 

more a t  3 hours  than a t  48  hours  i n d i c a t i n g  t h a t  a t  e a r l y  

greening t imes t h e  chlorophyl l  mclecules were fewer in  number 

and not  a s  well  connected t o  the e l e c t r o n  t r a n s p o r t  systems. 

In sepa ra te  experiments on 1 2  day o ld  greenhouse grown 

b a r l e y ,  f luorescence  was measured a t  var ious  oxygen p ressu res  

and l i g h t  i n t e n s i t i e s .  In a i r ,  F, increased  l i n e a r l y  with l i g h t  

i n t e n s i t y  while f increased  only u n t i l  the l i g h t  i n t e n s i t y  

reached 8 W and then s tayed cons tan t .  Oxygen and l i g h t  

i n t e n s i t y  ac ted  in  a  compet i t ive  manner with more l i g h t  

inc reas ing  and increased oxygen dec reas ing  f p .  
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I. In t roduc t ion  

1.1 The c h l o r o p l a s t  -- 

Photosynthesis  i s  t h e  process  by which p l a n t s ,  a l g a e ,  and 

some b a c t e r i a  use l i g h t  energy t o  syn thes ize  energy-r ich . 

carbohydra tes .  This a c t i o n  t akes  p lace  in  sub-ce l lu la r  u n i t s  

c a l l e d  c h l o r c p l a s t s .  Figure 1.1 shows a c r o s s  s e c t i o n  of  a  

h igher  p l a n t  l e a f .  

- Figure 1 . 2  shows t h e  genera l  s t r u c t u r e  o f  a mature higher  

p l a n t  c h l o r o p l a s t .  I t  i s  enclosed by a  dcuble membrane 

s e p a r a t i n g  i t s  i n t e r i o r  from the  cytoplasm of t h e  p l a n t  c e l l .  

The o u t e r  membrane mainta ins  s t r u c t u r a l  i n t e g r i t y  while the 

inner  membrane c o n t r o l s  i n  and out molecular t r a f f i c  ( P r e z e l  i n ,  

1981) .  

Extending throughout the  chloropl 'as t  i n t e r i o r  i s  a  network 

o f  c lcsed  membranous s t r u c t u r e s  termed thylakoids  o r  l amel l ae .  

These a r e  e i t h e r  f l a t t e n e d  s a c s  c a l l e d  grana lamel lae ,  o r  tubes  

c a l l e d  stroma lamel lae  which in te rconnec t  grana.  The  grana 

l amel l ae  usua l ly  form i n t o  s t acks  ( a  s i n g l e  s tack  i s  a  granum) 

of from 2 t o  100 thylakoids  each, depending on spec ies  (Ki rk ,  

197e) .  A l l  s t r u c t u r a l  components o f  t h e  l i g h t  r e a c t i o n s  a r e  

l o c a l i z e d  wi th in  the thylakoid membranes, while  the  s o l u b l e  

enzyme components of t h e  dark r e a c t i o n s  a r e  found in the stroma 



( P r e z e l i n ,  1981) .  

This d e s c r i b e s  t h e  s i t u a t i o n  i n  higher  p l a n t s .  Algal 

c h l o r o p l a s t s  have only  unstacked lamel lae  and blue-green a lgae  

do  not  even have a  c h l o r o p l a s t  envelope; t h e i r  lamel lae  l i e  

exposed t o  the cytoplasm (Devlin,  1975) . The photochemical 

r e a c t i o n s  of  photosynthe t ic  b a c t e r i a  take p lace  in  the h i g h l y  

invaginated membrane t h a t  enc loses  t h e  c e l l  ( Zubay, 1 SS3 ) . 

1 . 2  The Z scheme - - -  

In a  t y p i c a l  h igher  p l a n t  thylakoid membrane, t h e r e  a r e  

about 200 e l e c t r o n  t r a n s p o r t  cha ins  and t h e i r  a s soc ia ted  pi9men.t 

complexes ( W i t t ,  1979) .  In f i g u r e  1 . 3  a  s e c t i o n  of  t h e  

thylakoid membrane shows t h e  l o c a t i o n  of  t h e s e  components. 

These a r e  arranged according t o  midpoint p o t e n t i a l s  of  t h e  

components i n  f i g u r e  1.4. Photosystem I1 reduces t h e  

in tersys tem e l e c t r o n  c a r r i e r s  and o x i d i z e s  water .  Photosystem I  

o x i d i z e s  t h e  in tersys tem e l e c t r o n  c a r r i e r s  and reduces NADP*. 

Photosystems I1 and I c o n s i s t  of  t h e i r  r e s p e c t i v e  r e a c t i o n  

c e n t e r s ,  o r  " t r a p s " ,  surrounded by 1 ight -harves t ing  complexes of  

ca ro teno ids  and ch lc rophy l l s  a  and b.  The number of  

ch lo rophy l l s  per  photosystem I o r  I1 ranges from 200 t o  40C 

( P r e z e l i n ,  1981; Zubay, 1983) .  The ch lo rophy l l s  p r e f e r e n t i a l l y  

absorb blue and red l i g h t .  The ca ro teno ids  f i l l  in  the s p e c t r a l  

gap ( S a l i s b u r y  and ROSS, l 9 7 @ ) .  To be used f o r  photochemistry 

t h e  energy of  an exc i t ed  antenna must be t r a n s f e r r e d  t o  the 



r e a c t i o n  c e n t e r .  -Generally', t h i s  energy reaches t h e  t r a p  with 

h igh  e f f i c i e n c y ,  u t i l i z i n g  the  very rap id  resonance t r a n s f e r  t o  

compete a g a i n s t  o t h e r  d e e x c i t a t i o n  processes  mentioned in  

s e c t i o n  1.5.  The t r a n s f e r  time between neighbouring chorophyll  

molecules with p a r a l l e l  t r a n s i t i o n  moments i s  about 0.5 ps  

r e q u i r i n g  them t o  be  about 15 Angstroms a p a r t  (Colbod, 1973; 

Colbow and GanyluK, 1976).  

The photosystem I1 r e a c t i o n  c e n t e r  ( l a b e l l e d  P6EO because a 

1 ight-minus-dark d i f f e r e n c e  s p e c t r a  show a b leaching  maximum a t  

680 nm) i s  a s p e c i a l i z e d  chlorophyl l -pro te in  complex. Upon 

t r a n s f e r  o f  t h e  energy from the  antenna ch lc rophy l l  P680 beccmes 

e x c i t e d .  The midpoint redox p o t e n t i a l ,  Em, f o r  the  removal of 

an e l e c t r o n  from the. exc i t ed  molecule i s  more nega t ive  than the  

midpoint p o t e n t i a l  i n  the ground s t a t e  by approximately h ~ / e .  

For ch lorophyl l  a aE, i s  about 1 . 8  V, t hus  P C ~ O *  i s  a very 

s t r o n g  reduc tan t .  Only c h l o r i n  s t r u c t u r e s 1  a r e  involved a s  

t r a n s i e n t  e l e c t r o n  accep to r s  i n  the i n i t i a l  charge-separat ion 

events  ( C r o f t s  and Wraight, 1983) .  Excited P680 reduces 

pheophytina (Parson and Ke, 1582) t o  a r a d i c a l  ion p a i r  s t a t e  

( ~ 6 6 0 + ~ h e ' )  in  l e s s  than  5 p s .  Because of  t h e  involvement of  a 

l e s s  homologous chemical s t r u c t u r e  (quinone)  , forward e l e c t r o n  

t r a n s f e r .  from pheophytin a t o  Q, i s  r e l a t i v e l y  slow 

(approximately 200 ps  ; Wraight, 1982) .  The even slower 

.L 
( b a c t e r  i o )  ch lorophyl l  or  (bac te r io )pheophy t in  

There i s  now an i n d i c a t i o n  of a ch lorophyl l  in termedia te  
acceptor  ahead of pheophytin (Wraight,  1982) .  



recombination with ~ 4 8 0 ~  (about 4 ns ;  Parson and Kg, 1982) 

allows t h e  forward r e a c t i o n  t o  occur with high p r o b a b i l i t y .  

Elec t rons  a r e  passed one a t  a  time from Q, t o  Q b  which becomes 

- - 
doubly reduced ( t i / %  = 200 - 3 0 0 , ~ s  f o r  Q, Q b  t o  G,Qb , t r / z  = 

600 - 8 0 0 ~ s  f o r  Q,-Q,- t o  : Cramer and C r o f t s ,  1982) 

b ~ f o r e  doubly reducing one of  t h e  pool plastoquinone molecules 

( t  I / ~  = 600 ,us;  W i  t t ,  1979).  Pos i t ion ing  the  e l e c t r o n  accep to r s  

c l o s e  together  and opt imizing the  energy d rop  of each s t e p  

al lows t h e  r ap id  removal of e l e c t r o n s  away from ~ 6 8 0 +  thus.  

minimizing the  p r o b a b i l i t y  of wasteful  back r e a c t i o n s .  

The photooxidized r e a c t i o n  c e n t e r  is i t s e l f  a  powerful 

oxidant  which causes t h e  o x i d a t i o n  of  fi20 t o  Ct. This r e q u i r e s  

t h e  removal of four e l e c t r o n s  and four pro tons  f o r  each O2 

produced. The n a t u r e  of  t h e  manganese-containing 

charge-accumulating complex t h a t  per forms t h i s  i s  a s  y e t  

unknown. The e l e c t r o n s  reduce ~ 6 . 5 0 ~  and the  pro tons  f reed  a r e  

r e l e a s e d  t o  the i n t r a t h y l a k o i d  space he lp ing  t o  c r e a t e  a pH 

g r a d i e n t  with r e s p e c t  t o  the  e x t e r i o r  of  t h e  thylakoid .  

In  being doubly reduced, Qb- a l s o  t akes  up two protons  from 

o u t s i d e  the  thylakoid .  These a r e  passed t o  the plastoquinone 

pool along with t h e  two e l e c t r o n s  t o  form plastohydroquinone, 

PQHZ. This i s  reoxid ized  by pass ing  e l e c t r o n s  on t o  the Rieske 

i ron-su l fu r  p r o t e i n ,  Fe-S, and t h e  pro tons  t o  the thylakoid 

i n t e r i o r .  This i s  t h e  r a t e - l imi  t i n g  s t e p  on photosynthesis  with 

t ~ / ~  = 2G m s  ( W i t t ' ,  1979) .  The plastoquinone pool thus a c t s  t o  

pump protons  from the  o u t s i d e  t o  the i n s i d e .  



Photosystem X c o n s i s t s  of  t h e  P700-chlorophyll a-protein 

complex and the  surrounding antenna pigments. P700 ( s i m i l a r l y  

l a b e l l e d  because of a bleaching maximum in  the  

oxidized-minus-reduced s p e c t r a )  may be a ch lo rophy l l  dimer 

( P r e z e l i n ,  1981) al though t h e r e  i s  r e c e n t  evidence t o  the 

c o n t r a r y  (Wraight, 1982) .  S i m i l a r l y  t o  P680, P700 i s  e x c i t e d  by 

energy t r a n s f e r r e d  from i t s  antenna pigments and then reduces 

t h e  in termedia te  accep to r ,  another  ch lo rophy l l  a within the 

photosystem I p r o t e i n  complex, which i n  t u r n  reduces a secondary 

acceptor  l a b e l l e d  X I  thought t o  be an i ron-sul fur  p r o t e i n  c a l l e d  

fer rodoxin .  The subsequent two accep to r s  a r e  a l s o  fer rodoxins ,  

FD, and FDb. These t h r e e  p r o t e i n s  a r e  no t  e a s i l y  washed out of 

t h e  szmple p repara t ions  and a r e  thus  denoted a s  "bound" 

fer rodoxins .  Next, t h e s e  e l e c t r o n s  a r e  t r a n s f e r r e d  t o  a s o l u b l e  

fe r rodoxin  F C S l  and then a f l a v o p r o t e i n ,  

f errodoxin-NADP-reduc t a s e ,  which i n  t u r n  reduces NAEP+ t o  KACPH. 

Another proton i s  taken up from the  thylakoid e x t e r i o r  whenever 

NAGPH i s  used in  the carbon f i x a t i o n  r e a c t i o n s .  

A s  a s t rong  oxidant', ~ 7 0 0 +  i n  t u r n  can ox id ize  the 

in tersys tem c a r r i e r s :  p las tocyanin  ( P C )  , cytochrome f ,  Fe-S, PC, 

( ; b ,  and C,. The e l e c t r o n  t r a n s p o r t  cha in  a s  o u t l i n e d  h e r e  i s  

c a l l e d  non-cyclic e l e c t r o n  t r a n s p o r t .  

Cytochrome b563 can accept e l e c t r o n s  from the  ferrodoxin 

chain  and g i v e  them t o  the  PC poo l .  A s  mentioned e a r l i e r ,  

r educ t ion  of  PO r e q u i r e s  two protons  s o  t h a t  pro tons  m u s t  be 

t r anspor ted  ac ross  t h e  membrane wi th  no n e t  change in  the  redox 



s t a t e  of  e lec t ron  acceptors o r  donors over a ccmplete cycle.  

This pathway i s  termed cycl ic  e lect ron t ranspor t .  

In a th i rd  e lec t ron  pathway molecular oxygen may be reduced 

back t o  water in  a s e r i e s  of reac t ions  which oxidizes ferrodoxin 

(Allen, 1 9 7 7 ) .  This react ion is termed pseudo-cyclic e lect ron 

t ranspor t  . 
Eesides the possible reduction of N A G P ~ ,  e lec t ron  t ranspor t  

along any pathway leads t o  a buildup of a transmembrane pH 

gradient  which dr ives  a membrane-localized ATPase (CFo-CF,. i n  

f i g u r ~  1 . 3 )  . These energy-rich molecules a r e  used i n  the 

carbon-fixation or  "dark" react ions  of photosynthesis. 

The functioning of photosynthetic e lec t ron  and energy 

t r a n s f e r  may be a l t e red  by the  addi t ion of a r t i f i c i a l  e lect ron 

o r  proton acceptors,  donors, i n h i b i t o r s  and uncouplers, the  

change of  ionic  or  pH condit ions,  o r  by- change of i l lumination,  

e t c .  

1 .3  Fluorescence - 

When a photon i s  captured by a pigment molecule, e l e c t r ~ n s  

become red is t r ibu ted  in to  a s e t  of excited s ing le t  s t a t e s  

(Figure 1 . 5 ) .  There a re  two main excited s t a t e s  ava i lab le  in 

chlorophyll a.  Absorption of red l i g h t  (band maxima about 

680 nm) r a i s e s  the  molecule to  the f i r s t  excited s ing le t  s t a t e .  

The second excited s ing le t  s t a t e  (band maxima abcut 630 nm) i s  

weakly absorbing. ..Blue l i g h t  ( t h e  S o r ~ t  band, maxima about 



440 nm) r a i s e s  t h e  molecule t o  the  t h i r d  and higher  e x c i t e d  

s i n g l e t  s t a t e s  (Bre tcn  and Vermeglio, 1982; Govind j e e  and 

Govind j ee ,  1974).  Molecules e x c i t e d  t o  higher  exc i t ed  s i n g l e t  

s t a t e s  r e t u r n  v i a  i n t e r n a l  coriversion t o  the f i r s t  e x c i t e d  

s i n g l e t  s t a t e  i n  about lo-'* t o  seconds,  t o o  r a p i d l y  t o  have 

any competing process  occur ( ~ o v i n d j e e  and Govindjee, 1974) .  

E'rom t h e  e x c i t e d  s i n g l e t  s t a t e ,  t h e  pigment molecule may 

l o s e  i t s  energy v i a  competing processes :  r e r a d i a t i o n  o f  a  photon 

a s  f luorescence ,  i n t e r n a l  conversion ( n o n r a d i a t i v e  ~ h o n o n  ' 

emiss ion) ,  c r o s s  over t o  the  t r i p l e t  s t a t e ,  o r  t r a n s f e r a l  t o  a 

r e a c t i o n  c e n t e r  f o r  photochemistry with r e s p e c t i v e  r a t e s  k,, kc ,  

kT and k p .  By resonance t r a n s f e r  Energy very r a p i e l y  reaches  a  

r e a c t i o n  cen te r  where, i f  i t  i s  i n  i t s  ground (reduced)  s t a t e ,  

P680 can absorb the  energy and become e x c i t e d .  The r e a c t i o n  

c e n t e r  t r a p  i s  s a i d  t o  be "open". Gnce e x c i t e d ,  P680 then  

e j e c t s  an e l e c t r o n  a c r o s s  t h e  membrane t o  pheophytin . However, 

i f  t h e  t r a p  i s  a l r eady  photooxidized ( o r  " c l c s e d " )  the  

e x c i t a t i o n  may t r a n s f e r  t o  ancther  t r a p  o r  the  c u r r e n t l y  e x c i t e d  

antenna molecule w i l l  d e e x c i t e  by one of t h e  o the r  mechanisms. 

The y i e l d  of any process  i s  t h e  r a t i o  of i t s  r a t e  t o  a l l  

r a t e s .  The y i e l d  of d e e x c i t a t i o n  due t o  photochemistry i s  

and is  observed a s  t h e  number of  primary charge s e p a r a t i o n s  per 

absorbed photon. When a l l  r e a c t i o n  c e n t e r  t r a p s  a r e  open t h i s  

y i e l d  a s  about 90% o r  more (Clayton,  1980) .  The f luorescence  



yie ld  i s  

and is  observed a s  the fluorescence i n t e n s i t y  

F = 9 , 1  
where I i s  the absorbed l i g h t  i n t e n s i t y .  

Experimentally, i t  i s  necessary t o  d i s t inguish  between 

fluorescence of constant y ie ld  and t h a t  of var iable  y ie ld .  

Constant fluorescence comes from photosystem I  antenna . 

chlorophyll which a r e  weakly f luorescent  ( K i  t a  jima and Butler ,  

l975) ,  any photochemically inac t ive  chlorophylls ,  and tha t  

emitted from photosystem I1 when a l l  the t raps  a r e  open allowing 

the maximum deexci ta t ion via photochemistry and i s  therefore  the 

m i m i m u m  amount of fluorescence. The var iab le  fluorescence i s  

emitted from photosystem I1 antenna chl-orophyll when some o r  a l l  

react ion cen te rs  a r e  closed and experimentally i s  the t o t a l  

flucrescence minus the constant  fluorescence. 

For a  shor t  i n t e rva l  a t  the beginning of i l lumination o f  a  

dark-adapted p lan t  both fluorescence and O2 evclut ion increase 

subs t an t i a l ly  due t o  ac t iva t ion  of t h e i r  systems. Subsequent t o  

t h i s  the quantum y ie lds  of the  var iab le  fluorescence and of the 

r a t e  of oxygen evolution add up t o  a  constant .  I f  the r a t e s  of 

the other  processes a r e  proport ional  t o  t h a t  of fluorescence 

( they  are  a l l  intra-molecular processes but depend on t h e i r  

environmental condit ions)  

k,  + k c  + k r  = g k i  (1. 4) 



then $p and 0, can be l inked by a  complementarity equat ion  

$ + PC, = 1 (/, ) 
where p i s  a  p r o p o r t i o n a l i t y  cons tan t  (Lavorel and Et ienne,  

1977) . Thus f luorescence  can g i v e  k i n e t i c  information about t h e  

photochemistry occurr ing  a t  P680. 

On the  way t o  an o v e r a l l  s t eady-s ta t e ,  t h e  photosynthe t ic  

appara tus  passes  through a  s e t  of  s e v e r a l  t r a n s i t o r y  s t a g e s ,  

c o l l e c t i v e l y  known a s  induct ion .  The induct ion  of  t h e  r a t e  of  

oxygen evo lu t ion  r e f l e c t s  t h e  r a t e  o f  e l e c t r o n  t r a n s p o r t  through 

photosystem 11. Fluorescence induct ion  ( f i g u r e  1.61,  f i r s t  

observed by Kautsky, hence known a s  a  "Kautsky curve" ,  r e f l e c t s  

t h e  momentary d e n s i t y  of e l e c t r o n i c  e x c i t a t i o n  of  . 

photosystem 11. 

A convenient time d i v i s i o n  i s  made in  the  f luorescen t  

induct ion:  a  f a s t  phase ODIPS l a s t i n g  a few seconds and a slow 

phase SMT which may t a k e  s e v e r a l  minutes t o  complete. These a r e  

an i n i t i a l  o r  o r i g i n  l e v e l ,  0, a  r i s e  t o  an in termedia te  

maximum, I ,  a  d i p ,  G ,  a  r i s e  t o  a  peaK, P I  and then a d e c l i n e  t o  

a  quasi-steady s t a t e ,  S. The second, slow phase begins  with a 

r i s e  from S t o  i; maximum, M, and then g radua l ly  d e c l i n e s  t o  a  

te rminal ,  T I  l e v e l  (F igure  1 . 6 ) .  

To de t r rmine  the  0 l e v e l  f luorescence ,  Fa, i t  i s  necessary  

t o  take  measurements before  Q, i s  s i g n i f i c a n t l y  reduced and 

hence k p  dec reases .  One can e i t h e r  use low l i g h t  i n t e n s i t i e s  o r  

very  f a s t  i l l u m i n ~ t i o n  r i s e  t imes.  



The 01 r i s e  represents a  p a r t i a l  reduction of the PQ pool 

while the decl ine  to  C i s  a t t r i b u t e d  to  reoxidation of the PC 

pool and Q by photosystem I (Papag~orgioci, 1975). The i n c r ~ a s e  

in  fluorescence to  P occurs when photosystem I becomes saturated 

and unable to  accept more e lect rons  and the PQ pool becomes 

reduced. The f a c t  t h a t  a t  moderate l i g h t  i n t e n s i t i e s  the 

maximum may be l e s s  than tha t  observed i n  DCMU3 t r ea t ed  t i s sue  

i s  a t t r i b u t e d  to  photosystem I not sa tura t ing  which prevents the 

PQ pool becoming t o t a l l y  reduced (Baker and Eradbury, 1981). 

The slow f l u o r e s c ~ n c e  induction phase, PSMT, i s  a l s o  

l a rge ly  due to  changes i n  the redox s t a t e  of Q but proton and 

other ca t ion  electrochemical gradients  across the thylakoid 

membrane and ATP concentration in  the stroma a l l  modify the 

chlorophyll fluorescence, emission c h a r a c t e r i s t i c s  i n  t h i s  phase 

(Baker and Bradbury, 1981). 

This t h e s i s  w i l l  be involved only with the f a s t  t r ans i en t  

phase, OIDP, a s  i t  ind ica tes  the  changes i n  the redox s t a t e  of Q 

due to  intersystem elect ron t ranspor t .  

Fluorescence var iables  

From the complementarity equation we have 

------------------ 
3 DCMU: 3-(3,4-dichloro~heny1)-1,l'-dimethylurea blccks e lec t ron  
t ranspor t  between Q and PG (Izawa, 1977). 



and 

A s  d i s c u s s e d  i n  s e c t i o n s  3 . 2  and  4 . 2 ,  Fo i s  d i r e c t l y  

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 ,  s o  d i v i d i n g  by Fe g i v e s  a 

measure  o f  t h e  r a n g e  o f  Q o x i d a t i o n .  

V a r i a b l e  f l u o r e s c e n c e ,  F,, w i l l  r e f e r  t o  the e x c e s s  a t  P above  

t h e  c o n s t a n t  or "dezid" f l u o r e s c e n c e ,  F, . R e l a t i v e  v a r i a b l e  

f l u o r e s c e n c e ,  f p ,  i s  p r e f e r a b l e  t o  FV i n  t h a t  i t  i s  more 

r e p r o d u c i b l e  from d i f f e r e n t  s a m p l e s  o f  the  same sample  

p o p u l a t i o n .  The maximum f l u o r e s c e n c e ,  Fmdx,  i s  s e e n  i n  t h e  

p r e s e n c e  o f  e l e c t r o n  t r a n s p o r t  i n h i b i t o r s  s u c h  a s  DCMU. 

R e l a t i v e  maximum f l u o r e s c e n c e  i s  d e f i n e d  a s  f, = (F,,* - F, ) /F, . 

1 . 4  Oxygen quench ing  o f  f l u o r e s c ~ n c e  - - 

C h l o r o p h y l l  a f l u o r e s c e n c e  i s  quenched by m o l e c u l a r  oxygen.  

Vidaver  e t  a l .  ( 1 9 8 1 a )  h e v e  d e s c r i b e d  t h r e e  p h a s e s  o f  C2 

q u e n c h i n g  i n  b e a n  l e a v e s ,  s p i n a c h  c h l o r o p l a s t s  and  Scenedesmus:  

1 )  q u e n c h i n g  o f  f p ;  2 )  q u e n c h i n g  o f  f,; and  3 )  q u e n c h i n g  o f  F a .  

Each phase d i f f e r e d  i n  s e n s i t i v i t y  t o  oxygen b y  a p p r o x i m a t e l y  

o n e  o r d e r  o f  magn i tude .  Ha l f -quench ing  o f  f  o c c u r r e d  w i t h  3  t o  

5 a t m  of  G 2 ,  f ,  w i t h  46 atm and Fo r e q u i r e d  o v e r  400 atm c f  G2. 



Only the  mcst s e n s i t i v e  p h a s e ,  t h e  q u e n c h i n g  o f  f p  , w a s  

d e p e n d e n t  o n  e l e c t r o n  t r a n s p o r t  a n d  was t e n t a t i v e l y  r e l a t e d  t o  

the  i n c r e a s e d  o x i d a t i o n  o f  e l e c t r o n  t r a n s p o r t  b y  02. Quench ing  

o f  f, a n d  F, w e r e  s u g g e s t e d  t o  r e p r e s e n t  O2 q u e n c h i n g  o f  P680 

r e a c t i o n  c e n t e r s  o r  Q, and a n t e n n a e  c h l o r o p h y l l  m o l e c u l e s  

r e s p e c t i v e l y .  

Gxygen may a c t  a s  a n  e l e c t r o n  a c c e p t o r  a t  p l a s t o c y a n i n  

( V i d z v e r  e t  a l . ,  1 9 8 1 b ) ,  f e r r o d o x i n  ( A l l e n ,  1 9 7 7 ) ,  o r  i n  

p h o t o r e s p i r a t i o n  ( S a l i s b u r y  and  Ross ,  1 9 7 8 ) .  

T h e  d i r e c t  quench ing  by oxygen c f  t h e  e x c i t a t i o n  o f  a n t e n n a  

p igmen t  m o l e c u l e s  i n  a b i m c l e c u l a r  r e a c t i o n  a d d s  a new 

d e e x c i t a t i o n  r a t e  t e rm ko1[02] 4 t o  the f l u o r e s c e n c e  y i e l d  

e q u a t i o n .  

F l u o r e s c e n c e  quench ing  by t h e  a c t i o n  o f  oxygen a s  a n  e l e c t r o n  

a c c e p t o r  would change  the p h o t o c h e m i s t r y  t e r m  t o  i n c l u d e  a  

f u n c t i o n a l  dependence  o n  O2 c o n c e n t r a t i o n  t h r o u g h  t h e  r e d o x  

s t a t e  of  CZa. 

The quench ing  r a t i o  i n v e r s e ,  

shows the  t y p e  o f  quench ing  by 02. A l i n e a r  p l o t  means a  

4 Oxygen c o n c e n t r a t i o n  i n  w a t e r  a s  a  f u n c t i o n  o f  p r e s s u r e  i s  
c a l c u l a t e d  i n  append ix  A.  



bimolecular process ,  while non-l inear  i t y  shows t h a t  o the r  

pathways a r e  involved. 

1 . 5  Greening - 

In  the  c h l o r o p l a s t s  of greening p l a n t s ,  one has t h e  

oppor tun i ty  t o  c o r r e l a t e  development of  var ious  a s p e c t s  of 

photosynthe t ic  funct ion  and s t r u c t u r e  thus g e t t i n g  a  p a r t i a l  

understanding of what happens when p l a n t s  germinate under .  

n a t u r z l  cond i t ions .  

When angiosperm seed l ings  a r e  germinated and grown i n  the  

dark t h e  r e l a t i v e l y  u n d i f f e r e n t i a t e d  p r o p l a s t i d s 5  develop i n t o  

e t i o p l a s t s .  These e t i o p l a s t s  c h a r a c t e r i s t i c a l l y  con ta in  one o r  

mere l a r g e  q u a s i - c r y s t a l l i n e  bodies ,  b u i l t  up of in terconnected  

membranous t u b u l e s  i n  r e g u l a r  array', termed prolamel lar  bodies  

( K i r k  and Ti lney-passe t t ,  1978) .  The e t i o p l a s t s  conta in  no 

ch lo rophy l l ,  but they  con ta in  a small  amount of 

pro tochlorophyl l ide  bound i n  the pro lamei lar  bodies  and scme 

ca ro teno ids .  

Upon i l lumina t ion ,  t h e  pro lamel lar  body d i s p e r s e s  i n t o  

s h e e t s  o f  p e r f o r a t e 6  membranes, which g i v e  r i s e  t o  the 

thy lako ids .  Af ter  a few hours ,  depending upon spec ies  and age 

o f  t h e  seed l ings ,  t h e r e  i s  a  fus ion  o f  t h e  thylakoids  t o  form 

5  P l a s t i d s  a r e  dcuble membrane-bound o r g a n e l l e s  found only i n  
p l a n t s  and a lgae  and conta in  e i t h e r  ch lorophyl l  and the  
ph,otosynthet ic  appara tus ,  o t h e r  pigments, o r  s t o r e d  s t a r c h ,  
p r o t e i n ,  o r  o i l  ( C u r t i s ,  1979) .  



grana (Boardman, 1977) . 
The b a r l e y  e t i o p l a s t  c o n t a i n s  some of  t h e  e l e c t r o n  c a r r i e r s  

a l r e a d y  p r e s e n t  while o t h e r s  and the  photosynthe t ic  pigments a r e  

synthes ized  and i n c ~ r p o r a t e d  i n t o  the  forming thylakoid 

membra-nes during greening ( P l e s n i c a r  and Bendall ,  1973) .  

1 .6  Object of r e sea rch  - 

The o b j e c t  of t h i s  t h e s i s  i s  t o  determine which 

photosynthe t ic  a c t i v i t i e s  could be measured by f luorescence  

while the  composition and s t r u c t u r e  of  the  photosynthe t ic  

appara tus  developed from immaturity caused by e t i o l a t i o n  (growth 

i n  the  da rk )  t o  ma tu r i ty .  The quenching of f luorescence  by OZ 

was t o  see  i f  O2 has  d i f f e r e n t  e f f e c t s  i n  the  developing p l a n t  

compared t o  the  mature p l a n t .  A s tudy  was a l s o  done on the  

e f f e c t  of h igh  l i g h t  i n t e n s i t y  and var ious  O2 p r e s s u r e s  i n  

mature greenhouse grown b a r l e y .  

The r e s u l t s  presented w i l l  show t h a t  

1. Var iable  f luorescence  i s  a  good measure of  photosystem I1 

a c t i v i t y  throughout greening.  

2. Both cons tan t  and v a r i a b l e  f luorescence  a r e  more e a s i l y  

quenched by O2 dur ing  e a r l y  greening  although apparent  a t  

d i f f e r e n t  C Z  p r e s s u r e  ranges .  

3. High l i g h t  i n t e n s i t y  and high O2 concen t ra t ions  a r e  

coun te rac t ive  i n  changing the  redox s t a t e  of  Q,. 



E' igure  1.1 C r o s s - s e c t i o n  of a higher  p l a n t  l e a f .  
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F i g u r e  1 . 2  S t ruc tu re  of a higher plant ch lorop las t .  





Figure 1 . 3  Thylakoid model showing components involved in  

t h e  l i g h t  r e a c t i o n s .  - 





F i g u r e  1+4 The Z scheme. 





F i g u r e  1 . 5  E x c i t a t i o n  and  d e e x c i t a t i o n  p r o c e s s e s  o f  

a n t e n n a  chlorophyll .  - 
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F i g u r e  1 . 6  The Kau t sky  c u r v e :  t he  t i m e  c o u r s e  o f  

f l u o r e s c e n c e  of a h i g h e r  p l a n t .  
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11. Pla ter ia l s  and Methods ' 

2 . 1  Growing ba r l ey  - 

Barley (Hordeum vulgare L. cv .  Conquest) seed was soaked in  

running t a p  water f o r  s i x  t o  t en  hours and then p lanted  on a  two 

inch  bed of ve rmicu l i t e  which allowed f o r  adequate moisture  and 

dra inage .  Two growing procedures  were followed t o  produce 

e t i o l a t e d  and f u l l y  greened p l a n t s .  One s e t  of seeds  were 

placed i n  the  darK, a t  18' t o  2 0 O ~ ,  f o r  seven days,  by which 

time shoots  developed t o  about twelve cen t ime te r s  t a l l  a.nd had 

s t a r t e d  t o  u n f u r l .  These were then placed under incandescent 

l i g h t i n g  of 20 W m-2 t o  green.  The o t h e r  s e t  of seeds  were 

placed i n  a  greenhouse. After  e i g h t  days these  shoots  were 

about twelve cen t ime te r s  t a l l  and the  l e a v e s  were f u l l y  

un fu r  1 ed . 

2 . 2  Chloroplas t  i s o l a t i o n  

Fluorescence was measured on c h l o r o p l a s t s  i n  order  t o  have 

b e t t e r  c o n t r o l  over t h e  amount of ch lorophyl l  i n  a  sample and 

thus have a  c o n t r o l  on the  s i z e  o f  t h e  f luorescence  s i g n a l .  The 

fol lowing method of i s o l a t i n g  c h l o r o p l a s t s  was taken from Walker 



Barley l e a v e s  were washed and chopped i n t o  ha l f -cent imeter  

s e c t i o n s .  Those were put i n t o  a Waring blender and g r ind ing  

medium (desc r ibed  b ~ l o w )  w a s  added i n  a r a t i o  of 5: l  

(volume/weight) . The blender  was opera ted  a t  i t s  h ighes t  speed 

f o r  t h r e e  one second b u r s t s .  The r e s u l t i n g  mixture was f i l t e r e d  

by e i g h t  l a y e r s  of  cheesec lo th  with a 25 ,um pore s i z e  nylon mesh 

below t o  remove l a r g e  c e l l u l a r  d e b r i s .  The c h l o r o p l a s t s  were 

then sedimented by c e n t r i f u g i n g  a t  3000 g f o r  6 minutes. The 

supernatant  then con ta ins  m i  tochcndria  and c t h e r  p a r t i c l e s  

l i g h t e r  than the  c h l o r o p l a s t s  while the  l a t t e r  have p r e c i p i t a t e d  

t o  form a p e l l e t .  The supernatant  i s  d i sca rded ,  and the  p e l l e t  

i s  g e n t l y  resuspended i n  g r ind ing  medium. The c e n t r i f u g a t i o n  

and resuspension were repeated  t o  f u r t h e r  p u r i f y  t h e  c h l o r o p l a s t  

e x t r a c t .  The method of Arnon (1949) was then  used t o  determine 

t h e  chlorophyl l  concent ra t ion  of  t h e  e x t r a c t  so  t h a t  we could 

p l a c e  a known amount of ch lorophyl l  i n  the  oxygen evo lu t ion  

appara tus  (desc r ibed  in  s e c t i o n  2 . 3 ) .  This method measures t h e  

absorbance of t h e  c h l o r o p l a s t  e x t r a c t  i n  80% acetone a t  664 and 

645 nm, which a r e  the  a-bsorbance maxima of ch lo rophy l l s  a and b 

i n  80% acetone r e s p e c t i v e l y .  This  was c o r r e l a t e d  t o  the  amount 

of ch lorophyl l  per l e a f  a r e a  by a l s o  measuring the  t o t a l  

ch lorophyl l  of an e x t r a c t  of 10 t o  50 l e a f  d i s c s ,  each 4 mm i n  

d iameter .  

'Grinding medium 

The g r ind ing  medium c o n s i s t s  of  



0.33 M S o r b i t o l  

50 mM HEPES 

1 mM MgClz 

1 mM MnClz 

2 mM EETA 

ad jus ted  t o  pH 7.0 with HC1.  

S o r b i t o l  i s  a  nonmetabolizable sugar used t o  hold the 

g r inu ing  and resuspension media isoosmctic  with t h e  c h l o r o p l a s t s  

(Reeves and Hal l ,  1980) .  This keeps membrane p r o t e i n s  and' 

l i p i d s  frcm los ing  t h e i r  funct ion  and a c t i v i t y .  

HEPES (N-2-hydroxye thylpiperazine-N ' -ethanesul  o n  ac i d )  , 

pK, 7.55, i s  used a s  t h e  buf fe r  a s  i t  dces  not  a f f e c t  t h e  water 

s p l i t t i n g  system and thus does no t  a f f e c t  t h e  e l e c t r o n  t r a n s p o r t  

system. Also it does n o t  bind Mg2+ o r  Mn2+ (Good and Izawa, 

1972) .  

MgClz and MnC12 a r e  used t o  prevent  d e t e r i o r a t i o n  of  t h e  

ch lo rophy l l  and t h e  oxygen-evolving mechanism i n  the  

c h l o r o p l a s t s  dur ing  p repara t ion  and a f t e r  the  c h l o r o p l a s t  

envelopes a r e  broken. 

EDTA (ethylenediaminetetraacetic a c i d )  a c h e l a t e ,  i s  used 

t o  keep magnesium and manganese in  s o l u t i o n  and not p r e c i p i t a t e  

i n  the  form cf  any complexes. 

The p H  i s  usua l ly  kept  between pH 6 . 3  and 8 . 5 ,  observed t o  

g i v e  c h l o r o p l a s t s  with maximum Oz e v o l u t i o n  under 1 i g h t  (Walker, 

19'71). 



I t  i s  e s s e n t i a l  t o  do t h e  i s o l a t i o n  f a s t  and a t  co ld  

temperatures .  A s  t h e  p l a n t  c e l l s  a r e  rup tu red ,  many enzymes a r e  

r e l e a s e d  wh'ich can harm the  c h l o r o p l a s t s ,  t hus  washing these  

away a s  f a s t  a s  p o s s i b l e  g i v e s  t h e  b e s t  c h l c r o p l a s t s .  The low 

temperature slows enzyme a c t i v i t i e s ,  t hus  decreas ing  ch lo rop las t  

damage. To t h i s  end, t h e  gr inding  medium was cooled beforehand 

t o  a cons is tency of melt ing snov, t h e  c e n t r i f u g e  was opera ted  a t  

~ O C ,  and the  glassware and resuspension media were s to red  in  a  

r e f r i g e r a t o r  a t  4 ' ~ .  

2.3 Oxygen evo lu t ion  

Cxygen evo lu t ion  measurements were performed on broken 

c h l o r o p l a s t s  s o  t h a t  f e r r i c y a n i d e  and ammonium ions  could . 

p e n e t r a t e  t o  the  thylakoid membranes; an i n t a c t  inner  

c h l o r o p l a s t  envelcpe would prevent  t h i s .  The • ’ e r r  icyanide 

c a t i o n  can be reduced t o  fer rocyanide  by o x i d i z i n g  a p a r t  of t h e  

e l e c t r o n  t r a n s p o r t  chain a t  a s i t e  which i s  not  e x a c t l y  known 

bu t  i s  a f t e r  photosystem I1 on t h e  Z scheme. This s i t e  a l s o  

seems t o  depend on the  p r e p a r a t i o n  procedure (Avron, 1981; 

Hauska, 1977) .  Ammonium i o n s  a r e  added t o  uncouple e l e c t r o n  

t r a n s p o r t  from phcsphoryla t ion  s o  t h a t  t h e  maximum l i n e a r  

e l e c t r o n  t r a n s p o r t  i s  observed (Avron, 1981; L i l l e y  e t  a l l  1975; 

Izawa and Good, 1972) .  

Ch lo rop las t s  were measured f o r  0 evclv ing  z b i l i t y  a s  a  

measure of  photosystem I1 a c t i v i t y  dur ing  greening and t o  



compare the  l e v e l  of a c t i v i t y  with those  publ ished elsewhere. 

The l a t t e r  i n d i c a t e s  t h e  q u a l i t y  o f  our c h l o r o p l a s t  i s o l a t i o n  

procedure.  

A q u a n t i t y  of c h l o r o p l a s t  suspension equiva lent  t o  200 ,ug 

of ch lorophyl l  was added t o  d i s t i l l e d  water i n  the  c a v i t y  of a 

Clark e l e c t r o d e  appara tus .  This c o n s i s t s  of  a platinum cathode 

which i s  he ld  a t  a cons tan t  p o t e n t i a l  of -0.7 V with r e s p e c t  t o  

a s i l v e r / s i l v e r  c h l o r i d e  anode and measures t h e  e l e c t r o n  c u r r e n t  

produced when oxygen i s  reduced a t  t h e  cathode (Delieu and 

Walker, 1972) .  The d i s t i l l e d  water causes  t h e  c h l o r o p l a s t  

envelopes t o  break by osmotic shock. Cne minute l a t e r  ( t o  

ensure a l l  envelopes were broken) potassium • ’ e r r  icyanide and 

ammonium c h l o r i d e  were added t o  prepare  a 2 mM s o l u t i o n  of  each 

and a t o t a l  volume of 1 m l .  Oxygen uptake was observed on the  

s t r i p  c h a r t  recorder  a t  t h i s  p o i n t .  The l i g h t  was then turned 

on and the  oxygen evo lu t ion  recorded.  The d i f f e r e n c e  of  t h e  two 

t r a c e s  gave the  t o t a l  oxygen evo lu t ion .  The response o f  t h e  

Clark e l e c t r o d e  was c a l i b r a t e d  before  and a f t e r  each s e r i e s  of 

experiments by measuring 'the concen t ra t ion  of  O2 i n  d i s t i l l e d  

water be fo re  and a f t e r  sodium d i t h i o n i t e  was added. This i s  a 

very s t rong  reductant  and t akes  up a l l  oxygen i n  s o l u t i o n .  

\ 



2 . 4  Fluorescence measurements 

To e x c i t e  the  chlorophyl l  molecules i n  the  l e a f  s e c t i o n s  

and c h l o r o p l a s t s ,  they  were i l luminated  by b lue  l i g h t .  The 

r e s u l t i n g  f luorescence  was d i r e c t e d  t o  a  photomul t ip l ie r  and the  

s i g n a l  fed t o  a s i g n a l  averaging device  a s  shown i n  f i g u r e  2 . 1 .  

A 650 W General E l e c t r i c  DWY Q u a r t z l i n e  P ro jec t ion  Lamp was 

powered by a  r egu la ted  power supply.  The s i g n a l  from a p iece  o f  

d r i e d  l e a f  ( i e .  a  cons tan t  f luorescence  s i g n a l )  showed random 

noise  of l e s s  than  one percent  of i t s  f u l l  s i g n a l .  

The l i g h t  passed through an i n f r a r e d  absorbing wzter f i l t e r  

and var ious  l enses  t o  be focussed onto one branch of  a  

b i f u r c a t e d  random f i b e r  o p t i c s  l i g h t  p ipe  and d i r e c t e d  t o  the  

sample. The o t h e r  branch of t h e  l i g h t  p ipe  passed the sample 's  

f l u o r e s c e n t  and any r e f l e c t e d  l i g h t  t o  the  pho tomul t ip l i e r .  A 

Corning 4-96 f i l t e r  (BF) t r ansmi t t ed  mainly b lue  l i g h t  t o  e x c i t e  

f luorescence  i n  t h e  sample, while  a  Corning 2-64 f i l t e r  ( R F )  

covering the  l i g h t  p i ~ e  end i n s i d e  t h e  photomultipl  i e r  housing 

t r ansmi t t ed  mainly t h e  r ed  f luorescence  emission.   he two 

f i l t e r s  were chosen t o  minimize e x c i t a t i o n  l i g h t  reaching  the  

pho tomul t ip l i e r .  A c o n t r i b u t i o n  of about 5% of F p  t o  the  s i g n a l  

due t o  red f luorescence  o f  t h e  b lue  f i l t e r  was measured before 

each experiment and sub t rac ted  from t h e  readings .  

The pho tomul t ip l i e r ,  an EM1 955gQB (S20 response ) ,  was 

opera ted  a t  700 V with a  load r e s i s t a n c e  o f  200 kh, g iv ing  an 

anode t o  dynode c u r r e n t  r a t i o  of l e s s  than  0.1,  s o  t o  not  



dev ia te  s i g n i f i c a n t l y  from l i n e a r i t y .  The  photomul t ip l ie r  

s i g n a l  was t r ansmi t t ed  t o  G Tracor Northern 1710 multichannel 

analyzer  with a  s i g n a l  averager module where a  time t r a c e  was 

d i sp layed .  A l l  f luorescence i n t e n s i t y  readings  were taken from 

the  d i s p l a y  ( a r b i t r a r y  u n i t s ) .  

The sample c e l l  is o f  a  type desc r ibed  by Morita (1970) .  

I t  i s  a  s t a i n l e s s  s t e e l  chamber with s t a i n l e s s  s t e e l  tubing  

connecting i t  t o  a  gas  supply.  Chamber and tubing z r e  r a t e d  f o r  

work of over 700 atm. The p l e x i g l a s  window i s  sea led  in  p lace  

by epoxy and t h e  bottom i s  sea led  with an O-ring when screwed 

t i g h t  by hand. The l i g h t  pipe i s  separa ted  from the  sample by a. 

c l e a r  p l e x i g l a s  window. To determine the  l i g h t !  i n t e n s i t y  

i n c i d e n t  upon the  sample, t h e  l i g h t  p ipe  was he ld  up t o  a  c l e a r  

p l e x i g l a s  window of  t h e  same th ickness  a s  i n  the  p ressu re  c e l l .  

The i n t e n s i t y  through t h i s  p l e x i g l a s  was measured by a Tektronic  

J 1 6  D i g i t a l  Photometer with a  56502 radiometer probe. The lamp 

power s ~ p p l y  was ad jus ted  t o  g ive  a  reading  of 10 W m-2 on the  

photometer. 

Tho oxygen was suppl ied from Union Carbide: USP grade 

(minimum 99.5% oxygen, maximum moisture  15ppm, balance n i t rogen  

and ha locarbons) .  By a system of va lves  and gauges t h i s  was l e t  

i n t o  the  p ressu re  c e l l  t o  t h e  d e s i r e d  p ressu re .  

I  had found e a r l i e r  t h a t  l e t t i n g  in  n i t rogen  t o  100 atm a s  

quickly  a s  p o s s i b l e  r a i s e d  t h e  gas  temperature i n  the  c e l l  t o  a t  

l e a s t  4 5 ' ~  from 2 4 ' ~  (room. temperature)  and re turned  t o  wi th in  

0 . 3 ' ~  of roh : t e rnpera tu re  i n  about t h r e e  minutes (measured by a  



thermistor) .  Fluorescence of  chlorophyll in phospholipid 

ves i c l e s  under the same condit ions increased about four times, 

and decreased t c  within 1% of ambient fluorescence i n  about 30 

seconds. For t h i s  reason the gas was l e t  i n t o  the sample c e l l  

slowly ( 1 5  atm per minute) t o  the desi red pressure.  A minimum 

of another two minutes for  sample equi l ib ra t ion  was allowed and 

the t o t a l  dark adaptat ion time between i l luminations was a 

minimum of 5 minutes. 

For each sample the procedure was: 1) Cark-adaption for 

15 min; 2 )  a  f a s t  f lash (about 80  m s )  t o  determine F,; 3 )  4 s  

i l lumination to  determine F p ;  4 )  increase of C2 pressure;  

5 )  equ i l ib ra t ion  time 2 min; 6) dark-adaption for 5 min, and 

repect  from s t e p  2. '  

2.5 Fluorescence a t  varying incident  i n t e n s i t y  - 

Barley was grown in  the greenhouse and used a f t e r  1 2  days. 

Plants  were dark-adapted for a t  l e a s t  30 min and then the l ea f  

s ec t i cn  from the 2nd to  3rd cm from the t i p  of the  l a rges t  l e a f  

was placed in the sample c e l l .  

A t  high l i g h t  i n t e n s i t i e s ,  the slow shut te r  opening time of 

the  previous setup d i d  not allow accurate 0 l eve l s  ( f igu re  1 . 6 ) .  

For mare precise  C l eve l  measurements i n  a i r  we used the 

following setup with a Spectra-Physics 125 He-Ne l a se r  (Figure 

2 . 2 ) :  a  beam s p l i t t e r  gave a reference i n t e n s i t y  t o  one 

photomultiplier while the remainder of the  b~am was focussed on 



an e l e c t r o n i c  s h u t t e r  b lade .  An  a p e r t u r e  was placed immediately 

behind the  s h u t t e r  b lade  so only t h e  focussed beam was seen .  

Rise t imes of 10-50 ,as were achieved. Some d i s t a n c e  away one 

arm of  a  b i f u r c a t e d  l i g h t  pipe i n t e r c e p t e d  the  diverged inc iden t  

beam and d e l i v e r e d  t o  t h e  c e l l  a  uniform i n t e n s i t y  p r o f i l e .  The 

o t h e r  arm c a r r i e d  f luorescen t  and r e f l e c t e d  l i g h t  t o  a  second 

pho tomul t ip l i e r .  Bere a  Corning 2-64 f i l t e r  e l iminated the  

r e f l e c t e d  l a s e r  l i g h t .  Both pho tomul t ip l i e r s  were EM1 9558QB 

opera ted  a t  800-900 V and the  anode t o  dynode c u r r e n t  r a t i o s  

were kept below 0.08. An I thaco  3512 ra t iomete r  fed t o  the  

,Tracer Northern s i g n a l  averager the  r a t i o  of t h e  sample t o  

r e fe rence  photomul t ip l ie r  s i g n z l s .  Light i n t e n s i t y  a t  t h e  

sample was changed by p l a c i n g  c a l i b r a t e d  n e u t r a l  d e n s i t y  f i l t e r s  

between t h e  beam s p l i t t e r  and the  focuss ing  l e n s .  In  order  no t  

t o  s a t u r a t e  t h e  sample pho tomul t ip l i e r  over the  range of  

f luorescence  i n t e n s i t y  a  v a r i a b l e  a p e r t u r e  covered the  end of 

t h e  l i g h t  pipe i n s i d e  the  photomul t ip l ie r  housing and 

measurements were repeated when t h i s  a p e r t u r e  was changed. 

There were ususa l ly  s i x  samples a t  each l i g h t  i n t e n s i t y .  The 

e r r o r  b a r s  on t h e  f i g u r e s  r e p r e s e n t  one s tandard d e v i a t i o n .  

The l i n e a r i t y  of these  F, values  i n  a i r  was then used t o  

c o r r e c t  t h e  F, values  measured with t h e  zpparatus  descr ibed  in  

s e c t i o n  2.4: a t  10  W m - 2 ,  F, was assumed t o  be accura te  a s  t h e  

r i s e  t o  the  I l e v e l  was r e l a t i v e l y  slow ( f i g u r e  1 . 6 ) ;  F, values  

a t  h igher  l i g h t  i n t e n s i t y  were e x t r a p o l a t e d  from these  va lues .  

The E', va lues  obta ined  under the  var ious  O2 p r e s s u r e s  were 



changed p r o p c r t i o n a t e l y  t o  the  change o f  those i n  a i r .  

W e  determined t h a t  t h e  f l u o r e s c e n t  induct ion  curve shapes 

and i n t e n s i t i e s  when i l luminated  a t  83 W m-2 i n  58 atm O2 and i n .  

a i r  d i d  not  change i f  repea ted  a f t e r  each o f  four  succes ive  f i v e  

minute dark-adapta t ions .  Therefore,  a  new sample was used f o r  

each O2 pressure ,  i n c r e a s i n g  the  l i g h t  i n t e n s i t y  a f t e r  each 

dark-adapta t ion .  This procedure was repeated once with a  new 

sample f o r  each O2 pressure .  



Figure  2 . 1  Fluorescence measuring apparatus w i t h  

h igh .  gas p r e s s u r e .  



power  

supply 

R F  R e d  f i l t e r  C o r n i n g  2 - 6 4  

BF B l u e  f i l t e r  C o r n i n g  4 - 9 6  

W F  W a t e r  f i l t e r  

L L e n s  

S S h u t t e r  



Figure 2.2 Fluorescence measuring apparatus for 

variable light intensity. 





111. Resul t s  

3 .1 Greening 

On l eaves  of p l a n t s  greened 3 hours  only t h e  l e a f  t i p s  

(approximately 1 cm) had unfur led .  The r e s t  of t h e  l e a f  l eng th  

was s t i l l  t i g h t l y  r o l l e d .  In  handl ing and a t tempt ing  t o  unfu r l  

a  l e a f ,  i t  was o f t e n  e a s i l y  b ru i sed .  The t i p s  were b r i g h t  

yellow f o r  a l l  3  hour samples and t h e  yellow p o r t i o n  extended 

from 2. t o  6 cm down the  l e a f  with t h e  t h e  remainder being very 

l i g h t  green t o  yellow. This wide v a r i a t i o n  in  l e a f  pigmentation 

and t h e i r  f r a g i l i t y  produced the  widest  v a r i a t i o n  i n  l e a f  

f l u o r e s c e n t  measurements. Our ing greening  l eaves  became 

unfur led ,  wider,  l e s s  f r a g i l e ,  and deeper green i n  colour  ( t h e  

yellow p o r t i o n  receded t o  the t i p  and disappeared by about 1 2  

hours )  . Absorption measurements showed t h a t  ch lorophyl l  content  

per  u n i t  l e a f  a r e a  increased monotonically 13-fold from 3 t o  4e 

hours (F igure  3 . l a ) .  

Chloroplast  oxygen evolu t ion  per mg c h l  rose s t e e p l y  

between 3 and 6 hours  and dec l ined  t o  a  s teady r a t e  a t  1 2  hours .  

Calculated on a  l e a f  a r e a  b a s i s  O2 e v o l u t i o n  followed the  t rend 

of ch lorophyl l  accumulation, s t e a d i l y  i n c r e a s i n g  30-fold from 3 

t o  48 hours  (F igure  3 . l a ) .  



To compare O2 e v o l u t i o n  and f l u o r e s c e n c e  under s i m i l a r  

c o n d i t i o n s ,  we a l s o  measured f l u o r e s c e n c e  i n  c l a s s  C (b roken)  

c h l o r o p l a s t s  (Reeves and H a l l ,  1980) .  Although t h e  va lue  o f  f p  

was g r e a t l y  reduced i n  c h l o r o p l a s ' t s ,  i t s  change d u r i n g  g reen ing  

p a r a l l e d  t h a t  o f  i n t a c t  l e a f  s e c t i o n s :  bo th  i n c r e a s e d  5-fold 

d u r i n g  3 t o  48 hour s  g reen ing  ( F i g u r e  3 . l b ) .  Ch lo rop la s t  oxygen 

e v o l u t i o n  per  u n i t  l e a f  a r e a  and f p  showed a  s i m i l a r  dependence 

on  c h l o r o p h y l l  c o n t e n t  ( F i g u r e  3 . 2 )  . 
In  broken c h l o r o p l a s t s  quenching of f p  by h i g h  oxygen 

p r e s s u r e s  ( f i g u r e  3 .3 )  showed no change d u r i n g  g reen ing ,  wh i l e  

quenching of Fo was g r e a t e s t  d u r i n g  e a r l y  g r e e n i n g  and l e a s t  by 

4E hour s  and greenhouse c o n t r o l  p l a n t s  ( F i g u r e  3 . 4 ) .  

L a t e r ,  w e  a l s o  determined t h a t  f p  i n  c o n t r o l  l e a v e s  was 

half-quenched a t  about  7 atm of O2 ( d a t a  n o t  shown). Curing 

g reen ing  from 3 t o  48 hour s  t h e  r e l a t i v e  f l u o r e s c e n c e  range  of  1 

t o  5 i n  a i r  changed i n  7 atm O2 t o  0 .3  t o  2.6 r e s p e c t i v e l y  

(Tab le  3 . 1 ) .  The r e s u l t a n t  r a t i o s  o f  peak r e l a t i v e  f l uo re scence  

i n  O2 t o  a i r  show s t r o n g e r  Oz quenching up t o  12  hour s  g reen ing  

which d e c r e a s e s  t o  t h e  expected 50% a t  24  hour s .  

The r e l a t i v e  r a t e s  o f  r e d u c t i o n  o f  Q by t h e  photosystem I1 

r e a c t i o n  c e n t e r  were e s t ima ted  by t h e  h a l f - r i s e  t imes ,  t , /%, o f  

f  ,. These decreased  4-fold  fro^ 3  t o  48 hours  but  were n o t  

s i g n i f i c a n t l y  changed by O2 (Tab le  3 . 2 ) .  



Table 3 . 1  R e l a t i v e  f l u o r e s c e n c e  i n  l e a v e s  
i n  a i r  and i n  7 a t m  OZ. 

-Greening  f  , , (a i r )  f p ( 0 2 )  
+ (02) P 
Sp ( a i r )  

t i m e  (h) 

3 1 .04  0.29 0.28 

6 1 .91  0.66 0.35 

1 2  2.63 1 . 1 5  0.44 

2 4  3.86 1.93 0.50 

48  5.08 2.56 0.50 

C o n t r o l  5.59 ' 3 .24 0.5.9 

Table 3 . 2  H a l f - r i s e  t imes o f  v a r i a b l e  f l u o r e s c e n c e .  
i n  l e a v e s  i n  a i r  and  i n  7 a t m  0,. 

G r e e n i n g  
t i m e  (h) 

3 

6 

1% 

2 4 

48 

C o n t r o l  

a i r  02 
t j/z ( s )  t I / ,  ( s )  



3 . 2  Light i n t e n s i t y  

The r a t i o  of F, t o  i n t e n s i t y  i n  a i r  was n e a r l y  cons tan t  

over a hundred-fold increase  of  i n c i d e n t  i n t e n s i t y  (F igure  

3.5a)  , while  over the  same range f rose  from near ly  1 t o  nea r ly  

5 (F igure  3 .5b) .  The maximum f was reached a t  about 8 W m-2 

and d id  not  change much with f u r t h e r  inc reas ing  i n t e n s i t y .  

Resul t s  of experiments s i m i l a r  t o  those of  f i g u r e  3.'5b 

using var ious  OZ concen t ra t ions  a r e  shown in  f i g u r e  3.6. A. 

Lineweaver-Burk p l o t 1  of t h e  d a t a  i s  made i n  f i g u r e  3.7 and the  

pro jkc ted  maxima of  f ( y  - i n t e r c e p t )  a r e  t abu la ted  i n  t a b l e  3 .3 .  

The h ighes t  va lues  of f ,  were obta ined  in  a i r  and the  lowest i n  

58 atm O Z .  There was a p rogress ive  quenching of a l l  va lues  of  f p  

and of i t s  p ro jec ted  maximum with inc'r-easing 02, and l ikewise  

with decreas ing  Oz p a r t i a l  p r e s s u r e s  a t  a l l  l i g h t  used. 

Compared t o  the  value i n  a i r ,  t h e  l i g h t  i n t e n s i t y ,  1,lz , 

recjui-red t o  achieve one-half of t h e  p ro jec ted  maximum f 

increased  a s  C z  e i t h e r  decreased t o  5% p a r t i a l  p ressu re  o r  

increased  t o  7 atm. A t  58 atm, I,/, was between t h a t  f o r  1 atm 

and 7 atrn 0 2 *  

Figure 3.8 r e p l o t s  d a t a  from i n t e n s i t y  curves normalized in  

a i r  f o r  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  a s  t h e  r a t i o  

f  ,,(at given 0,) /f p ( a i r ) .  Increased l i g h t  i n t e n s i t y  appears  t o  

p a r t i a l l y  overcome the  quenching e f f e c t  of OZ; a t  7 atm O2 ------------------ 
I See appendix B.  



quenching a t  the h i g h e s t  i n t e n s i t y  was 278 and 52% a t  t h e  

l owes t .  



T a b l e  3 . 3  P r o j e c t e d  maximum r e l a t i v e  v a r i a b l e  f l u o r e s c e n c e  
a s  d e t e r m i n e d  from the  Lineweaver-Burk p l o t  
( F i g u r e  3 .  l), and  l i g h t  i n t e n s i t y  f o r  half-maximum f p  

Amount f p ,  max 
o f  o2 

A i r  5 . 6  

1 a t m  O2 . 5 .2  

7 a t m  O2 3 .8  

58 atm G2 2.0 



F i g u r e  3 .  l a  Oxygen e v o l u t i o n  and c h l o r o p h y l l  s y n t h e s i s  

d u r i n g  g r e e n i n g .  Oxygen e v o l u t i o n  p e r  d i s c  

was c a l c u l a t e d  by mu1 t i p l y i n g  O2 e v o l u t  i o n / c h l  

by c h l / d i s c .  The e r r o r  shown f o r  9, p e r  mg 

c h l  i s  abou t  t h e  same f o r  a l l  d a t a  p o i n t s  on  

t h a t  c u r v e .  

F i g u r e  3 .  l b  R e l a t i v e  f l u o r e s c e n c e ,  f p ,  i n  l e a v e s  and 

c h l o r o p l a s t s  d u r i n g  g r e e n i n g .  



- B 

0 LEAVES (left scale) 
r CHLOROPLASTS (right scale) 

GREENING ( h )  



E ' i g u r e  3 . 2  Oxygen e v o l u t i o n / d i s c  and  f  i n  l e a v e s  d u r i n g  

the a c c u m u l a t i o n  o f  c h l o r o p h y l l .  





F i g u r e  3 . 3  Oxygen quenching  o f  r e l a t i v e  f l u o r e s c e n c e  

d u r i n g  g r e e n i n g .  E r r o r  shown i s  t y p i c a l  o f  

a l l  p o i n t s .  





Figure  3 .4  Oxygen quenching of F, f l u o r e s c e n c e  du r ing  

g reen ing .  





F i g u r e  3.5a The f l u o r e s c e n t  e f f i c i e n c y  of E;, a s  a f u n c t i o n  

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

F i g u r e  3 .5b  R e l a t i v e  v a r i a b l e  f l u o r e s c e n c e ,  f p ,  i n  a i r  a s  

a f u n c t i o n  o f  l i g h t  i n t e n s i t y .  E x c i t a t i o n  a t  

6 3 2 . 8  nm. Data  p o i n t s  a r e  the  mean o f  4 t o  6 

s a m p l e s .  E r r o r  b a r s  r e p r e s e n t  o n e  s t a n d a r d  

d e v i a t i o n .  
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F i g u r e  3 . 6  L i g h t  i n t e n s i t y  d e p e n d e n c e  o f  r e l a t i v e  

v a r i a b l e  f l u o r e s c e n c e  u n d e r  v a r i o u s  O2 

p r e s s u r e s .  E x c i t a t i o n  was f rom a t u n g s t e n  

l a m p  t h r o u g h  a C o r n i n g  4-96 f i l t e r .  Data 

p o i n t s  a r e  the mean o f  two  or  l rhree  samples. 





Figu re  3. 7 L i n e w e a v e r - B u r k  p l o t  of t h e  d a t a  i n  

f i g u r e  3 . 6 .  





Figure  3 . 8  Oxygen quenching of f a t  v a r i o u s  l i g h t  

i n t e n s i t i e s .  





I V .  Discussion 

4 .1  Greening 

During greening t h e r e  i s  a  s teady accumulation of  

ch lo rophy l l  per  u n i t  l e a f  a r e a .  However, O2 evo lu t ion  per 

ch lo rophy l l  increased sha rp ly  t o  a  maximum a t  6 hours  and then 

dec l ined  t o  a  s teady l e v e l  a t  1 2  hours .  On a  l e a f  a r e a  b a s i s ,  

O 8  evo lu t ion  a l s o  increased s t e a d i l y .  The maximum i n  O z  

e v o l u t i o n  per ch lorophyl l  has  been observed by o t h e r s  (Eaker an6 

B u t l e r ,  1976; Henningsen and Boardman, 1973 ; Plesn ica r  and 

Bendall ,  1973) and i s  explained by t h e  d i f f e r e n t i a l  development 

of ch lorophyl l  and O2 evo lu t ion .  In  t h e  f i r s t  minute of  

continuous i l lumina t ion ,  t h e  i n i t i a l  p r o t o c h l ~ r p h y l l i d e  i s  

transformed t o  chlorophyl l  (Kirk and Ti lney-Basset t ,  1978) and 

t h e r e  i s  a  l a g  i n  f u r t h e r  ch lorophyl l  s y n t h e s i s  of 2 t o  4 hours .  

The O2 evolving apparatus  i s  formed o r  a c t i v a t e d  about 2 hours  

a f t e r  the  onse t  of i l lumina t ion ,  and i s  n o t  dependent on 

ch lo rophy l l  s y n t h e s i s  which can be speeded up by t h e  a d d i t i o n  o f  

a  precursor  6-aminolevulinic ac id  (ALA) (Nadler , Herron and 

Granick, 1972) .  Having been i n i t i a t e d ,  O2 evo lu t ion  per 

ch lo rophy l l  reaches a  maximum probably when the  w a t e r - s p l i t t i n g  

systems a re -comple te ly  formed (Kirk and Ti lney-Basset t ,  1978) .  
\ 

This l a t e r  ch lorophyl l  f i l l s  i n  t h e  antenna ad jacen t  t o  the  



r e a c t i o n  c e n t e r s .  Transfer  between l i g h t  ha rves t ing  pigments 

becomes more e f f i c i e n t ,  enhancing l i g h t  energy conversion v ia  

t h e  r e a c t i o n  c e n t e r .  A s  OL e v o l u t i o n  per u n i t  l e a f  a r e a  depends 

on the  number and e f f i c i e n c y  of r e a c t i o n  c e n t e r s  per u n i t  a r e a  

i t  i n c r e a s e s  throughout greening ( F i g .  3 . 1 ) .  

Re la t ive  v a r i a b l e  f luorescence  i s  dependent on the  s i z e  and 

e f f i c i e n c y  of t h e  l i g h t  ha rves t ing  complex surrounding r e a c t i o n  

c e n t e r s  r a t h e r  than on the  number of r e a c t i o n  c e n t e r s .  For each 

r e a c t i o n  cen te r  and i t s  a f f i l i a t e d  l igh t -ha rves t ing  cofiplex, a s  

t h e  ch lo rophy l l s  b~come more numerous and b e t t e r  connected t o  

the  r e a c t i o n  c e n t e r ,  t h e r e  i s  a  g r e a t e r  p r o b a b i l i t y  of an 

antenna e x c i t a t i o n  being trapped by t h i s  o r  a  neighbouring 

r e a c t i o n  c e n t e r . '  Subsequent e x c i t a t i o n  has  a  g r e a t e r  

p r o b a b i l i t y  of no t  d e e x c i t i n g  v i a  t h i s  t r a p  and of being emit ted 

a s  f luorescence .  Thus, f p  w i l l  no t  r e f l e c t  t h e  peak i n  O2 

evo lu t ion  per ch lo rophy l l .  

Reduction of O2 by e l e c t r o n  t r a n s p o r t  i s  known t o  occur 

dur ing  C 0 2  a s s i m i l a t i o n  i n  c h l o r o p l a s t s  (Egneus e t  a l l  1975; 

Radmer and KoK, 1476) .  Exogenously added G2 i s  a l s o  known t o  

modify v a r i a b l e  f luorescence  induct ion  and quench i t s  y i e l d  in  

l eaves  and c h l o r o p l a s t s  (Vidaver e t  a l . ,  1981a ,b) .  Since the  

r a t i o  of t h e  photosystem I1 acceptor  ( Q )  t o  ch lorophyl l  i s  high 

i n  the  e a r l y  greening s t a g e  and t h i s  r a t i o  diminishes with 

f u r t h e r  greening  (Baker and B u t l e r ,  1 9 7 6 ) ,  t h e  enhanced 

s e n s i t i v i t y  of f p  t o  quenching by 7 atm O 2  i n  l eaves  dur ing  

e a r l y  greening i s  presumed a  consequence c f  high  chlorophyll- 



A t  t h i s  s t a g e  of greening t h e r e  i s  l e s s  e x c i t a t i o n  reaching  t h e  

r e a c t i o n  cen te r  f o r  t h e  same l i g h t  i n t e n s i t y  and s o  fewer 

e l e c t r o n s  a r e  t r anspor ted  from photosystem 11, through Q, t o  

photosystem I. Oxygen may then be removing a  la.rger f r a c t i o n  of  

e l e c t r o n s .  The small  e f f e c t  of 7 atm O Z  on t h e  h a l f - r i s e  time 

from 0  t o  P, t , / z  (Table 3 . 2 ) ,  i n d i c a t e s  l i t t l e  in f luence  on 

photosystem I1 r e a c t i o n  c e n t e r s ,  i n  agreement with t h e  

obse rva t ions  of Vidaver e t  a 1  ( l 9 8 l a ) .  The r i s e  t o  P occurs  

because the  PQ pool has  been reduced by photosystem I1 while  

o x i d a t i o n  of  t h e  PQ pool by PSI o r  by O2 i s  a f t e r  the  

r a t e - l i m i t i n g  s t e p  i n  photosynthesis :  t h e  r e o x i d a t i o n  of PQ by 

t h e  Kieske Fe-S p r o t e i n  (Al len ,  1977; Vidaver e t  a l . ,  1981b; 

W i t t ,  1979) .  The decrease  i n  t I / ,  a s  greening progresses  occurs  

because of an inc rease  i n  antenna s i z e  and e f f i c i e n c y  s o  t h a t  

more e x c i t a t i o n  can reach  t h e  r e a c t i o n  c e n t e r s  and hence 

e l e c t r o n s  w i l l  reduce t h e  PG pool in  a  s h o r t e r  t ime. 

Fluorescence quenching by var ious  oxygen p ressu res  - .  

A t  t h e  O-level the  r a t e  of d e e x c i t a t i o n  due t o  

photochemistry i s  a  maximum. 

k, = k , m , x  

From equat ion 1.10, i f  a s  f o r  t h e  C-level,  O Z  a c t s  a s  a  d i r e c t  

d e e x c i t a t i o n  pathway of  t h e  ch lo rophy l l ,  we have equat ion  



I • ’  f luorescence  i s  seen t o  be quenched in  t h i s  l i n e a r  fashion,  

t h e  f l u o r e s c e n t  molecule i s  s a i d  t o  obey Stern-Volmer quenching 

(Brand and Wi tho l t ,  1966) .  Figure 4 .1  shows t h a t  t h e  0- level  

quenching does obey Stern-Volmer quenching. The quenching is 

much more e f f e c t i v e  a t  e a r l y  greening t imes because t h e  a n t e n n ~  

ch lo rophy l l s  a r e  not a s  wel l  connected t o  t h e  r e a c t i o n  c 'enters  

a s  i n  mature p l a n t s .  This decreases  t h e  r a t e  of  d e e x c i t a t i o n  

going t o  the  r e a c t i o n  cen te r  and inc reases  F , ( a i r ) / F , ( O Z ) .  

Re la t ive  v a r i a b l e  f luorescence  does not  obey Stern-Volmer 

quenching, nor dces  one expect  i t  t o .  There i s  not  a  l i n e a r  

dependence of f  on the  redox s t a t e  of  Q (Lavorel and Et ienne,  

1977) ,  and s i n c e  O 2  a c c e p t s  e l e c t r o n s  near photosystem I t h e  

dependence on G 2  concen t ra t ion  i s  even l e s s  d i r e c t .  

4 . 2  Fluorescence a t  var ious  l i g h t  i n t e n s i t i e s  - - 

With t h e  appara tus  descr ibed  in  s e c t i o n  2 . 5  our measured 

0- levels  increased l i n e a r l y  with l i g h t  i n t e n s i t y ,  a l s o  observed 

a t  s i m i l a r  l i g h t  i n t e n s i t i e s  i n  Anacystis n idulans  (Mohanty and 

Govindjee, 1973)and swiss chard c h l o r o p l a s t s  (Malkin, 1 9 6 8 ) .  

Since the  d e e x c i t a t i o n  r a t e  due t o  f luorescence i s  independent 

o f  l i g h t  i n t e n s i t y ,  t h e  maximal r a t e  due t o  photochemistry and 

t h e  o t h e r  r a t e s  of  d e e x c i t a t i o n  a r e  a l s o  independent cf l i g h t  



i n t e n s i t y .  This i s  expected s i n c e  when a11 r e a c t i o n  cen te r  

t r a p s  a r e  open increased l i g h t  i n t e n s i t y  w i l l  not  change the  

number of  i n i t i a l l y  open t r a p s .  On t h e  o t h e r  hand, f p  i n  a i r  

! i n c r e a s e s  with i n t e n s i t y  up t o  about 8 W m-2 wi th no f u r t h e r  

inc rease  a t  higher  i n t e n s i t i e s .  Dependence of f p  on l i g h t  

i n t e n s i t y  belcw 8 W m-2 i n d i c a t e s  t h a t  i n  a i r  Q, remains 

p a r t i a l l y  oxid ized ,  perhaps because photosystem I a c t i v i t y  

exceeds t h a t  of photosystem 11. Above 8 W m - 2 ,  f p  i s  cons tan t  

p r ~ b a b l y  because Q, i s  completely reduced s o  t h a t  kp i s  a  . 

minimum. ~ d d i t i o n a l  l i g h t  has  no e f f e c t  on f p  a s  prompt 

, f luorescence  now depends e n t i r e l y  c n  the  number o f  e x c i t e d  

antenna  ch lo rophy l l s  . 
The i n t e n s i t y  requi red  f o r  s a t u r a t i o n  i s  depenzent on the  

? , i n t e n s i t y  under which t h e  p l a n t s  were grown and may range from 

'-20% t o  100% (depending on s p e c i e s )  of  t h e  l i g h t  i n t e n s i t y  dur ing  

S growth (Boardman, 1377; Daubenmire, 1974) . The s o l a r  cons tan t  

i s  1360 W m-2 of which about 300 W m-2 i s  t h e  pho tosyn the t i ca l ly  

a c t i v e  r a d i a t i o n  (400 - 700 nm) a t  t h e  e a r t h ' s  s u r f a c e  s t  50' 

l a t i t u d e  under a  c l e a r  sky. Our p l a n t s  were grown a t  20 W m-2. 

In  broken pokeweed c h l o r o p l a s t s  t h e .  elcsctron acceptor  

Fe(CN) 63-  i n c r e a s e s  t h e  l i g h t  r e q u i r e m ~ n t  f o r  s a t u r a t i o n  (Melis  

and Homann, 1975).  In  our experiment O2 has  a  s i m i l a r  e f f e c t  i n  

b a r l e y  l e a v e s .  Figure 3 . 6  shows t h a t  a t  any given l i g h t  

i n t e n s i t y ,  increased  O Z  decreases  t h e  value of ' f p  and a t  any 

given G2 p ressu re ,  f p  r i s e s  t o  h igher  va lues  a t  higher  l i g h t  

i n t e n s i t i e s .  Increas ing  the  l i g h t  i n t e n s i t y  overcomes t h e  



q u e n c h i n g  o f  f p  b y  0, ( F i g u r e  3 . 8 ) .  T a b l e  3 . 3  shows t h a t  h i g h e r  

l i g h t  i n t e n s i t y  i s  r e q u i r e d  a t  l a r g e r  O2 p r e s s u r e  ( u p  t o  7  a t m )  

t o  o b t a i n  o n e - h a l f  o f  i t s  p r o j e c t e d  maximum v a l u e  o f  f p .  A t  

l a r g e r  p r e s s u r e s ,  I I / z  i s  r e d u c e d  f o r  r e a s o n s  unknown. 

The l o w e r e d  r e l a t i v e  v a r i a b l e  f l u o r e s c e n c e  o b s e r v e d  i n  1 

a t m  n i t r o g e n  may be a n  a r t i f a c t .  S c h r e i b e r  and Vidaver  ( 1 9 7 4 )  

h a v e  shown t h a t  i n  a n a e r o b i c  c o n d i t i o n s ,  t h e  p h o t o s y s t e m  I1 

a c c e p t o r s  may b e  r e d u c e d  i n  t h e  d a r k  o v e r  s e v e r a l  m i n u t e s  t o  

h o u r s .  T h i s  would g i v e  a h i g h  0 - l e v e l  and t h u s  a low f ? .  . I n  o u r  

e x p e r i m e n t s ,  t h e  sample  r ema ined  i n  t h e  sample  c e l l  and was 

f l u s h e d  w i t h  n i t r o g e n  b e f o r e  e a c h  i n c r e a s e  i n  l i g h t  i n t e n s i t y .  

T h i s  may h a v e  made t h e  sample  i n c r e a s i n g l y  a n a e r o b i c  and t h u s  

a r t i f i c i a l l y  i n c r e a s e d  t h e  0 - l e v e l  a s  the  exp t  r i m e n t  p r o g r e s s e d .  

We d i d  n o t  a d d  a n y  a r t i f i c i a l  e l e c t r o n - a c c e p t o r s  o r  

p r e i l l u m i n a t e  w i t h  f a r - r e d  l i g h t  t o  k e e p  p h o t o s y s t e m  I1 i n  an 

o x i d i z e d  s t a t e .  

Ano the r  e x p l a n s t i o n  i s  t h a t  a n a e r o b i o s i s  may p r e v e n t  oxygen 

e v o l u t i o n  and h e n c e  e l e c t r o n  t r a n s p o r t  t h r o u g h  Q ( S l o v a c e k  and  

Hind,  1977)  . A n a e r o b i c  c o n d i t i o n s  would p r e v e n t  

o x i d a t i o n - r e d u c  t i o n  c h a n g e s  o f  Q and h e n c e  v a r i a b l e  

f l u c r e s c a - c e .  

The e l e c t r o n  t r a n s p o r t  s y s t e m  may be viewed a s  a n a l a g o u s  t o  

a n  enzyme s y s t e m l ,  w i t h  l i g h t  a s  t h e  s u b s t r a t e  and OZ a s  a n  

i n h i b i t o r .  For  1 and 7  atm of 02,  i n c r e a s i n g  l i g h t  i n t e n s i t y  

would c a u s e  more e l e c t r o n s  t o  f low t h r o u g h  t h e  e l e c t r o n  
------------------ 
I S e e  append ix  B 



t r a n s p o r t  chain keeping the  components ( e s p e c i a l l y  Q )  more 

reduced, thus  i n c r e a s i n g  f p .  Increas ing  O2 i n c r e a s e s  t h e  demand 

f o r  t h e  e l e c t r o n  flow, keeping the  in tersys tem e l e c t r o n  c a r r i e r s  

and Q l e s s  reduced and quenching f p .  Thus oxygen a c t s  a s  a  

compet i t ive  i n h i b i t o r .  

A t  58 atm phase I1 quenching comes i n t o  e f f e c t  so  t h a t  t h e  

maximum f  i s  much reduced. Also t h e  f a c t  t h a t  t h e  

Lineweaver-Burk p l o t  f o r  58 atm is  d i sp laced  t o  the  l e f t  of t h e  

i n t e r s e c t i o n  of  t h e  o the r  l i n e s  sugges ts  t h a t  phase I1 i s  .a  

non-competi t i v e  mode of quenching. 



F i g u r e  4 . 1  Stern-Volmer p l o t  o f  F, q u e n c h i n g  v s .  

oxygen c o n c e n t r a t i o n .  





V. Conclusion 

This  t h e s i s  g i v e s  t h e  r e s u l t s  o f  two s e r i e s  of  f luorescence  

obse rva t ions  of b a r l e y .  In  t h e  f i r s t ,  t h e  development of t h e  

photosynthe t ic  appara tus  i n  b a r l e y  t a k e s  p l a c e  in  two s t a g e s .  

The w a t e r - s p l i t t i n g  system shows l i t t l e  a c t i v i t y  a t  3 hours  o f  

greening  but has  been completely a c t i v a t e d  by 1 2  hours  a f t e r  t h e  

onse t  of continuous i l l u m i n a t i o n .  This was i n d i c a t e d  by two 

occurrences ;  t h e  oxygen quenching of f p  was g r e a t e r  be fo re  1 2  

hours  and l e v e l l e d  o f f  a t  t h i s  p o i n t ,  and t h e  oxygen evo lu t ion  

per'  mg ch lorophyl l  l e v e l l e d  of f  a f t e r  1 2  hours .  However the  

s y n t h e s i s  and o rgan iza t ion  of ch lorophyl l  i s  s t i l l  going on a t  

4 8  hours  a s  shown by t h @  inc reas ing  chlorophyl l  content  per u n i t  

l e a f  a r e a  and t h e  decreas ing  oxygen quenching of F,. 

In  the  second experiment, oxygen and l i g h t  i n t e n s i t y  showed 

counterac t ing  e f f e c t s  on t h e  r e l a t i v e  v a r i a b l e  f luorescence  

emi t ted  from photosystem 11. Increased oxygen quenched f p  while 

incre&sed l i g h t  i n t e n s i t y  enhanced i t .  



A P P E N D I X  A: -OXYGEN CONCENTRATION I N  WATER 

To c a l c u l a t e  t h e  c c n c e n t r a t i o n  o f  0 i n  t h e  c h l o r o p l a s t s ,  

a t m o s p h e r e s  o f  oxygen were c o n v e r t e d  t o  mM b y  t h e  t h e  f o l l o w i n g  

e q u a t i o n  d e v e l o p e d  by K r i c h e v s k y  and Kasarnovsky ( 1 9 3 5 ) :  

where  f i s  t h e  f u g a c i t y  o f  t h e  g a s  i n  atm (Hougen e t  a l . ,  1953)  

N i s  t h e  mole f r a c t i o n  o f  t h e  g a s  i n  t h e  s o l v e n t  (wa . t e r )  

K i s  H e n r y ' s  c o e f f i c i e n t  

K,z,,30, = 3 . 2 1 5 ~ 1 0 '  mm Hg = 1 . 2 3 ~ 1 0 '  a tm (Loomis.  1 9 2 8 )  

v  i s  t h e  pa r t i a l  m o l a l  volume o f  t h e  g a s  

v  = 3 1  m l  ( L a u d e r , 1 9 5 9 )  
02 

P i s  t h e  t o t a l  p r e s s u r e  o f  t h e  g a s  i n  atm 

R i s  t h e  g a s  c o n s t a n t  = 0.08205 atm 1 mole-1K-1 

a n d  T  i s  t h e  a b s o l u t e  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n .  

A t  2 3 O ~  = 296.15 K 

The m o l a r i t y  o f  O x  i s  t h e n  c a l c u l a t e d  from 



APPENDIX B : ENZYME KINETICS 

An enzyme act ing on a s ing le  subs t ra te  species,  S, forms an 

enzyme-substrate complex, ES,  which breaks down i n t o  the enzyme 

and a product, P (Lehninger, 1982; S t ryer ,  1982). These 

reac t ions ,  with forward and reverse r a t e s ,  may be writ ten a s  

If the product i s  removed by- fur ther  react ions ,  the 

product-enzyme back react ion i s  negl igible .  The r a t e  of . 

formation of the product ( t h e  "veloci ty"  of the  reac t ion)  i s  

then 

In a steady-state condition these two r a t e s  a r e  equal 

k ,  b lCs ]  = ( k ,  t k , ) l : f s l  

where K, i s  the  Michaelis constant K, = (k,, + k , ) / k ,  . 
Usually the  substra te  concentration i s  much la rger  than the 

enzyme concentration, so the amount of uncombined substra te  i s  

nearly equal t o  the t o t a l  concentration of S.  The concentration 

of f r ee  enzyme is equal t o  i t s  t o t a l  concentration minus i t s  

bound concentrat ion. 
! 

[€I = C E * ]  - C € 5 7  



The maximal r a t e ,  V,,,, occurs  when a l l  t he  enzyme i s  bound 

by t h e  s u b s t r a t e  [ ~ t 1  = C E s l  (8, 1 1 )  

SO t h a t  Vmax = k~ L g t ]  (B .  12) 

When Bf = K, then V = V,,,/2 s o  t h a t  K, i s  t h e  s u b s t r a t e  

concen t ra t ion  a t  which t h e  r e a c t i o n  r a t e  i s  a t  one-half of i t s  

maximum value.  This a c t i v i t y  i s  shown in  f i g u r e  B .  1. 

Taking t h e  r e c i p r o c a l  of both s i d e s  of  dquat ion B.13 g ives  

This double-reciprocal  o r  Lineweaver-Burk p l o t  g ives  a  s t r a i g h t  

1 i n e  a s  shown i n  f i g u r e  B.  2 .  

An i n h i b i t o r  of t h i s  enzyme can a c t  i n  two ways. I t  can 

compete with t h e  s u b s t r a t e  f o r  the  enzyme: 

d E t I  E I  
where E I  i n  t h i s  form does not  break down i n t o  a product nor can 

i t  r e a c t  with t h e  s u b s t r a t e .  Secondly', t h e  i n h i b i t o r  can 

combine with t h e  enzyme i n  such a  way t h a t  i t  does not  prevent  

t h e  'binding t o  t h e  s u b s t r a t e ,  but does prevent  t h e  breakdown 

i n t o  a  product .  

€.I + s E S I  , E S  + L f----. Esr ( 8 . 4  



In  the  f i r s t  case ,  f u r t h e r  inc reas ing  the  s u b s t r a t e  

concen t ra t ion  wins t h e  competi t ion over t h e  i n h i b i t o r  so  t h a t  K, 
crl 

h a s  been e f f e c t i v e l y  increased  by t h e  f a c t o r  (I ' ,)r where 

i s  t h e  i n h i b i t o r  concen t ra t ion  and K ,  i s  t h e  d i s s o c i a t i o n  

cons tan t  of t h e  enzyme-inhibitor complex. 

See f i g u r e s  B . 3  and E . 4 .  

In  t h e  second case ,  inc reas ing  the  s u b s t r a t e  concen t ra t ion  

cannot  overcome the  i n h i b i t o r ' s  e f f e c t  a s  i t  can s t i l l  a t t a c k  

t h e  enzyme-substrate complex a f t e r  i t  i s  formed. I f  t h e  

i n h i b i t o r  b inds  t o  E and ES with equal  a f f i n i t y  and the  

s u b s t r a t e  b inds  t o  E and E I  with equal  a f f i n i t y  then V,,, i s  

decreased by t h e  f a c t o r  ( I + E) 
Kr 

See f i g u r e s  B . 5  and B . 6 .  



F i g u r c  6 .1  Michae l i s -Men ten  p lo t  f o r  e n z y m e - s u b s t r a t e  

r e a c t i o n .  

F i g u r e  B. 2 ~ i n e w e a v e k - ~ u r k  p l o t  f o r  e n z y m e - s u b s t r a t e  

r e a c t i o n .  

F i g u r e  B. 3 Michae l i s -Men ten  p l o t  f o r  c o m p e t i t i v e  

i n h i b i t i o n .  

F i g u r e  B. 4 Lineweaver-Burk p l o t  f o r -  c o m p e t i t i v e  

i n h i b i t i o n .  

F i g u r e  B. 5 Michae l i s -Men ten  p l o t  f o r  non c o m p e t i t i v e  

i n h i b i t i o n .  

F i g u r e  B. 6 Lineweaver-Burk p l o t  f o r  non c o m p e t i t i v e  

i n h i b i t i o n .  
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