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Summary 

1. The light-induced redistribution of  excitation energy between both photo- 
systems (state 1-state 2 phenomenon)  is investigated in Halymenia latifolia 
and in eight other marine red algae by measurements of slow fluorescence 
kinetics and of  O~-exchange in monochromatic  and in flashing light. 

2. A light 1 pulse (443 nm) of 0.2 s and of  medium intensity is sufficient to 
induce complete transfer from state 2 (maximum energy transfer) to state 1 
(minimum energy transfer). At inducing light periods of  3 min, light intensities 
as low as 2 .  10 -13 einstein,  cm -2- s -1 gave half-maximum effect. This low 
energy effect is strictly to be distinguished from another,  somewhat similar 
effect restricted to higher light intensities (more than 10 -1° E • cm -2 • s-l). 

3. The low-energy effect is definitely dose<lependent over a wide range of 
inducing illumination times. In the mean of all exl~eriments with Halymenia, a 
photon fluence of  2.7 • 10 -11 E • cm -2 gave a half-maximum transfer to state 1. 
The dose-effect curves are always found distinctively S-shaped. 

4. On the basis of  light flash experiments it is calculated that  in Halymenia, 
Stenogramme and in Phycodrys, 2--4 photons per electron transport chain, 
absorbed in surplus by Photosystem I, are sufficient to induce a half-maximum 
transition to state 1. 

5. The quantum requirement for the induction of  the inverse transition to 
state 2 starting with state 1 is in the same range; it tends to be slightly higher. 

Abbreviations: light 1 (L1), light 2 (L2), light of wavelengths predominantly adsorbed by Photosystem I 
and Photosystern II, respectively. 
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6. The results are interpreted as revealing a close connect ion between the 
redox state of  the electron transport  chain (or of  some single component  of  it) 
and the probabil i ty of  energy transfer between Photosystem II and Photo- 
system I. 

Introduct ion 

The possibility of  separating in time the light<lriven transition between 
state 1 and state 2 in a fast inducing light reaction and a following slow dark 
reaction, as found in red algae (except  Bangiales [1 ] ) a l l ows  precise measure- 
ments of  the energy requirement of  the induction of  the transition. Such 
measurements could help to elucidate the mechanism of  the regulation of  the 
distribution of  excitation energy between both  photosystems.  

Beside the absolute quantum requirements, the relationship between the 
energy demands of  the transitions in both directions is of  special interest. The 
finding that the induction of  a transition from state 2 to state 1 has roughly the 
same, very low, quantum requirement  as the reverse transition makes it most  
unlikely that  both  transitions could be initiated by different mechanisms, 
including unequal numbers of  possible energy-wasting steps. Rather,  they 
appear to be tightly coupled to the electron transport  between the photo- 
systems. 

Materials and Methods 

All experiments were done with marine red algae, preferably thin laminate 
species, all collected (during spring or autumn) in the area of  Roscoff  (France). 
The algae were transported to Frankfurt  in Dewar vessels or (packed in plastic 
bags) in cooling boxes and were kept  until the experiments (for several weeks 
or months)  in a climatized room at 15 or 17°C and dim daylight in flat basins 
or in plastic boxes with natural sea water. The algae treated in this way retained 
their photosynthet ic  capacity undiminished for many months and all other 
physiological characteristics tested remained unchanged (compared with data 
obtained in Roscof f  immediately after collection) for at least several weeks. 

Fluorescence was measured at an angle of  45 ~ with an R 666 photomulti-  
plier from Hamamatsu,  equipped with an Oriel interference filter ()tmax 684 
nm, bandwidth at half peak height, 5.2 nm) and two cut-off  filters (Schott  & 
Gen. RG 665 and RG 645).  Actinic light came from two grating monochro-  
mators (Schoeffel monochromator  Type HM 250 with 0.55 mm slit wide and a 
recalibrated Bausch and Lomb monochromator  with a 0.75 mm exit slit, both  
equipped with 250 W/24 V iodine lamps. For the fluorescence measurements 
the light was further filtered by sets of  interference- and cut-off  filters to 
minimize to less than 1% the error caused by scattered actinic light. Simul- 
taneously with the fluorescence, the rate of  oxygen exchange was measured 
with a stationary Teflon-covered platinum electrode of  the type  described by 
Fork [2].  

A state transfer was induced by pulses of  light 1 {443 nm) or light 2 {550 
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nm) of variable length and intensity. The relative height of  the initial fluo- 
rescence peak (Fp--F~)/Fs in light 2, measured after a dark period of  20--  
120 s (constant  in every experimental series), gave a measure for the induced 
state. The length of  the dark time was chosen to obtain maximum response 
[1]. Maximum peak height was taken as an indication of complete  state 1. 
(For  further details and for critical discussion of the overall scheme of the 
experiments see Ref. 1.) 

For the calculation of the photosynthet ic  unit size, another type  of  Teflon- 
covered Ptl Ag/AgC1 electrode, designed as an O2-concentration electrode, was 
used. Light flashes of  duration (measured at half-maximum intensity) 900 ns 
and frequency 3 Hz were produced by a Spark-Combi Flash Lamp filled with 
80% Ar/20% H2 at 4 atm. The effect  of  1000--2000 flashes was averaged for 
each measurement  and it was ascertained that the flashes were saturating. It 
was assumed that the number  of  oxygen molecules evolved by four flashes 
corresponded to the number  of  photosynthet ic  electron transport  chains. 

The primary distribution of  excitation energy between both photosystems 
was estimated on the basis of  action spectra for light reactions 1 and 2, 
measured with 699 nm or 550 nm background light, respectively [3]. After 
conversion into spectra of active absorbance [4] corrected spectra for Photo- 
system I were calculated assuming that  with 699 nm background light (in state 
1) energy transfer from Photosystem II for Photosystem I is virtually zero, 
whilst with 550 nm background (in state 2) upto  45% of the energy primary 
absorbed by Photosystem II is transmitted to Photosystem I, resulting in 
almost equal excitation of both  photosystems.  Arguments for this procedure 
will be given in a further communicat ion (see also, for example, Ref. 5). 

Absorption spectra of  the thalli were measured with a Shimadzu UV-200 
spect rophotometer  using an integrating sphere. Light intensity was either 
measured with a calibrated silicium cell or with a photodiode  PIN 5. If not  
ment ioned otherwise, the data represent incident photon  flux rates. Dose 
values (absorbed photon  fluence) also take into account  reflection by the plati- 
num surface. 

The measurements were normally made at 17°C, the highest monthly  mean 
value of  the natural environment.  

Results 

1. Dependence o f  the transfer to state 1 on the length o f  the inducing light 
pulse 

We have already shown [1] that  the requirement earlier reported [6--9] of 
prolonged illumination with light 1 or light 2 to achieve the fully developed 
state 1 or 2 reflects more the slowness of  the transition process than the 
requirement  for a longer inducing light period. Even at fairly low light intensi- 
ties ( 3 . 1 0 - 1 °  E • cm -2" s-l), a light 1 pulse (443 nm) of  0.2 s induces com- 
plete transition to state I (Fig. 1). The slope of  the curve at shorter illumina- 
tion times surely does not  reflect the kinetics of  the induction process. As can 
be concluded from the following experiments,  it shows only the limitation of  
the inducing light reaction by the applied light dose. Higher light intensities, 
however,  were not  obtainable with our equipment.  
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F i g .  1 .  T r a n s i t i o n  f r o m  s t a t e  2 t o  s t a t e  1 as  a f u n c t i o n  o f  t h e  l e n g t h  o f  t h e  p r e c e d i n g  e x p o s u r e  t o  i n d u c i n g  
l i g h t  o f  4 4 3  n m ; i n c i d e n t  p h o t o n  f l u e n c e  r a t e  is  2 . 8 9  • 10  - 1 0  E • c m  -2  • s -1  ( L  1 ). A s  m e a s u r e  o f  t h e  d e g r e e  

o f  s t a t e  t r a n s f o r m a t i o n  in  d i r e c t i o n  o f  s t a t e  1 t h e  re la t ive  h e i g h t  o f  t h e  in i t ia l  f l u o r e s c e n c e  p e a k  ( F p  - -  
Fs)/F s is p l o t t e d  a g a i n s t  e x p o s u r e  t i m e .  S u b j e c t :  Halymenia latifolia (as in  all o t h e r  f i g u r e s . )  I l l u m i n a t i o n  

s c h e d u l e :  5 m i n  2 . 8 7 .  10  - 1 0  E ' c m  -2  " s  -1 5 5 0  n m  ( L 2 ) .  1 s d a r k ,  x s L 1 ,  ( 5 9 - - x )  s d a r k ,  5 r a i n  L 2.  
I n s e t :  T i m e - c o u r s e  c u r v e s  o f  f l u o r e s c e n c e  i n t e n s i t y ,  i l l u s t r a t i n g  t h e  e x p e r i m e n t a l  s c h e m e .  

2. D e p e n d e n c e  on light intensi ty  
The curves showing the height of  A F / F  s as a measure of  the extent of  the 

state transition in dependence on the intensity of  the inducing light (Fig. 2) 
are always found to be distinctively S-shaped. The minimum intensity which 
induces a significant shift in direction of  state 1 depends on the illumination 
time and is influenced by the preconditioning of  the thallus (by which the 
initial state 2 was established) and by the more general physiological state of  
the material. 
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F i g .  2. T r a n s i t i o n  f r o m  s t a t e  2 t o  s t a t e  1 as  a f u n c t i o n  o f  the  i n t e n s i t y  o f  t h e  i n d u c i n g  l i g h t  1 ( 4 4 3  n m ) .  
E x p o s u r e  t i m e s  m e n t i o n e d  at  t h e  c u r v e s .  O r d i n a t e  as  in  F ig .  1 ,  absc i s sa :  i n c i d e n t  p h o t o n  f l u e n c e  ra te .  I l lu-  
m i n a t i o n  s c h e d u l e :  5 ra in  1 . 7 2  • 1 0  - 1 0  E • c m  -2  • s -1 L 2 ,  5 s d a r k ,  x s L 1 o f  v a r i a b l e  i n t e n s i t y ,  ( 5 5  - - x )  s 
d a r k ,  5 r a i n  L 2 . 



80 

When the  inducing light 1 per iod  is e x t e n d e d  to  3 min,  intensi t ies  as low as 
approx .  2 - 1 0  -13 E .  cm -2-  s -1 are suff ic ient  to  resul t  in a ha l f -max imum 
t ransfer  in d i rec t ion  o f  s tate  1 (Fig. 3). With rising intensi t ies  above ab o u t  
1 - - 2 - 1 0 - 1 2  E • cm -2 .  s -t  the  e f fec t  remains  a p p r o x i m a t e l y  cons t an t  at  an 
in tens i ty  range 10-~2--10 -1° E • cm -2 • s -t. Only  when  the  intensi t ies  rise m o re  
than  100-fo ld  is observed  in some cases (bu t  n o t  always) a second increase o f  
A F / F  s. Eviden t ly  this addi t ional  e f fec t  of  high intensi t ies  has to  be s tr ict ly 
dis t inguished f r om the  low-energy e f fec t  which is the  only  subject  of  this 
invest igat ion.  However ,  it seems l ikely tha t  in some o f  the  invest igat ions on  the  
state  1-state 2 p h e n o m e n o n  and on re la ted  p h e n o m e n a  r e p o r t e d  in the  liter- 
a ture  such h igh- in tens i ty  ef fec ts  are involved.  

3. Dose dependency 
The  low energy  c o m p o n e n t  is charac te r ized  by  a c lear-cut  antagonis t ic  e f fec t  

of  l ight 1 and light 2. F u r t h e r m o r e ,  it is charac te r ized  by  a dis t inct ive dose- 
d e p e n d e n c y  wi th in  a wide range o f  i l luminat ion  t imes (Fig. 4).  Even at 
inducing  i l luminat ions  o f  some minu tes  the  e f fec t  is a p p r o x i m a t e l y  dose- 
d e p e n d e n t .  

The  p h o t o n  f luence  necessary  to  induce  a ha l f -max imum transi t ion in direc- 
t ion  o f  s tate  1 was always f o u n d  to  be very  small. F o r  the  exper imen ta l  series 
shown in Fig. 4, made  consecu t ive ly  wi th  the  same piece o f  thallus,  this value was 
2 . 1 . 1 0 - 1 1 E  . c m  -2. The  mean  value f r o m  all expe r imen t s  m ad e  with 
Halymenia latifolia, ou r  main  subject ,  was 2.7 • 10 -11 (n = 21, a = 1.7 • 10-11). 
In this value as well as in the  mean  value o f  the  o th e r  algae tes ted  (see be low)  
are inc luded  some measu remen t s  which  were  m ad e  several m o n t h s  a f te r  collect-  
ing the  algae. The  p h o t o s y n t h e t i c  capac i ty  o f  these algae and also thei r  effi- 
c iency  in weak  green l ight had  r ema ined  a lmost  unchanged  since the  date  o f  
col lec t ion .  However ,  a f te r  such a long s tay in di f fuse  dayl igh t  some m em b er s  o f  
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p h o t o n  f l u e n c e .  Data  f r o m  f o u r  e x p e r i m e n t a l  se r i es  w i t h  d i f f e r e n t  p e r i o d s  o f  expoSUre  t o  L I as e x p l a i n e d  

i n  t h e  f i gu re .  I l l u m i n a t i o n  s c h e d u l e  as i n  F i g .  2.  
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the Florideae including Halymenia latifolia showed a considerable increase in 
photosynthe t ic  efficiency in the spectral region of  predominant  chlorophyll  
absorption,  which was accompanied by a corresponding rise in fluorescence 
emission, a decrease in the Emerson enhancement ,  and a strong increase in the 
quantum requi rement  for  the induct ion of  a transit ion from state 2 to state 1. 
It seems that  a longer stay under  our culture condit ions leads to a gradual 
reduct ion of  the initial ext reme inbalance in the distribution of  the chlorophyll  
between the two photosystems.  This effect  is presumably similar to the 
increase in the photosynthe t ic  efficiency of  chlorophyll  repor ted from members 
of  the Bangiales as a consequence of  growing the algae for 10 days in red or 
blue light [ 10]. 

Therefore ,  with respect to the absolute quantum requirements of  the induc- 
tion of  a transition, only those experiments which were made soon after  the 
collection of  the algae seem to be relevant. Measurements made in Frankfur t  
during the first 2 months  after  collection gave results identical to those 
obtained in Roscoff  immediately after  collection. If only those experiments 
which were carried out  within this time span are evaluated, a more reliable 
value of  only 1.8" 10 -11 (n = 15, o = 6 .6"  10 -12) was obtained for the half- 
maximum transfer in the direction of  state 1. 

The results f rom the other  eight species of  Florideae tested in the same way 
(Callophyllis laciniata, Rhodophyllis divaricata, Gymnogongrus patens, Steno- 
gramme interrupta, Delesseria sanguinea, Hypoglossum woodwardii, Phyeo- 
drys rubens and Cryptopleura ramosa, belonging to three different  orders) 
were mostly slightly higher (X = 5.9 • 10 -11 E • cm -2, n = 16, o = 2.2 • 10 -11) 
but  within a similar range. Considering these values it has to be taken into 
account  that  most  of  these species are much more intensely coloured than 
Halymenia and tha t  some fairly thick species such as Gymnogongrus or Callo- 
phyllis are included, and tha t  most  measurements are carried out  several 
months  after  collecting the algae. 

The number  of  electron t ransport  chains was chosen as a meaningful 
reference quant i ty  for  an evaluation of these data in view of  the mechanism 
of  the induct ion of  a state transition. The estimations of  the number  of  
electron t ransport  chains per cm 2 were based on measurements of  the amount  
of  oxygen evolved by saturating 0.9 ks light flashes, assuming that  every 
molecule 02 evolved per flash corresponds to four  electron t ransport  chains 
(quantum yield as in green algae and in higher plants (see Ref. 11), theoretical  
yield 0.12). These estimates were made with a piece of  the same thallus from 
which data on the pho ton  fluence requirements had been obtained. The light 
dose, dl, which is necessary to produce half-maximum transition to state 1 was 
found to  be 4--6 photons  per electron t ransport  chain in Halymenia, approx. 
3--4 photons  in Stenogramme and approx, seven photons in Phycodrys. 

Since action spectra of  the induct ion of  a state transfer in both directions 
clearly correspond to the difference spectrum between Photosystem I and 
Photosys tem II (unpublished results), in a subsequent step allowance was made 
for  the overlapping of  the spectra of  Photosystem I and Photosystem II and 
for photosynthet ica l ly  ineffective absorption,  particularly in the carotenoid 
region, according to the equat ion 

d~ = t • a • I • (1 -- 5) • (1 -- 2a) 
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where d~ is the dose of photons absorbed by Photosystem I which are not 
balanced by a corresponding excitation of Photosystem II, required on a 
electron transport chain base to induce a half-maximum transfer to state 1; 
t is the length of the inducing light pulse; a is the fractional thallus absorption; 
I is the incident photon fluence rate (hu • cm-2.  s- ~ ); 5 is the fraction of absorbed 
light that  does not  contribute to one of the photo-reactions (includes losses of 
energy transfer from carotenoids and phycobiliproteids and absorption by 
pigments not  involved in collection of light energy for photosynthesis); a is the 
fraction of (photosynthetical ly effective) light absorbed by Photosystem II; 
1 -- a is the fraction of light absorbed by Photosystem I. 

The term 1 -  2a takes into account that  only that  part of excitation of 
Photosystem I is relevant for the induction of transition to state 1 which 
exceeds the simultaneous excitation of Photosystem II. Since the experiment 
starts with state 2, the extent  of energy transfer from Photosystem II to Photo- 
system I ( P T ~ )  had to be considered, at least when short light 1 periods 
are used for the mcluctxon of state 1. However, the values of a443 being small in 
all our experiments (between 0.05 and 0.1), the error would scarcely exceed 
10%, even if  PTII_ q attained the maximum value observed by us (of approx. 
0.5 ~). 

The values of a derive from spectra of active absorbance of Photosystem I 
and Photosystem II calculated as described in Methods. The obtained ~ values 
coincide very well with estimations made by Butler [12,13] for Porphyridium 
in a completely independent  way. In addition our basic assumption of a near 
50% energy transfer from Photosystem II to Photosystem I (in state 2) is sup- 
ported by the work of Butler on Porphyridium [5]. For the estimation of 5, 
the sum of the spectra of active absorbance of Photosystem I and Photosystem 
II is compared with the absorbance spectrum of the thallus. 

Estimations of d~ were made on the basis of experiments with Halymenia, 
Stenogramme and Phycodrys and gave values between 2.0 and 3.8 hu/electron 
transport  chain ()¢ = 3.0, n = 8, a = 0.72). This means that  the number of 
photons required to induce a state transformation is within the range of the 
electron capacity of  the photosynthet ic  electron transport chain. This does 
not  prove a causal relationship between the redox state of the electron trans- 
port  system (or of some component  of it) and the state transformation, but it 
does allow speculation in this direction. 

4. Induction o f  state 2 
We have already shown that  the transformation from state 1 to state 2 is, 

at least in our subjects (cf. Ref. 14), an active light-driven process, too [1]. 
However, during a dark time of several minutes (following a state 1-inducing 
light 1 period), there is a light-independent return to a dark state, which 
approaches state 2 very closely as observed by us in all red algae tested so far 
and reported also for green algae [14,15].  In the members of Florideae, both 
processes, the light 2-induced and the dark process, differ greatly in time con- 
stant. Whilst T1/, for the light induced transformation is more-or-less the same 
as for the reverse transformation [1], ranging from 8--30 s, (mostly between 
12 and 18 s), T1/~ for the dark transformation (varying considerably)has values 
between 2 and 15 min. Nevertheless, this dark process overlaps the light- 
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Fig .  5. T r a n s i t i o n  f r o m  s t a t e  1 t o  s t a t e  2 (o)  a n d  f r o m  s t a t e  2 to  s t a t e  1 (e)  as a f u n c t i o n  o f  t he  i n c i d e n t  
p h o t o n  f l u e n c e  o f  t h e  i n d u c i n g  L 2 o r  L 1 i l l u m i n a t i o n ,  r e s p e c t i v e l y .  B o t h  e x p e r i m e n t a l  se r ies  m a d e  w i t h  

t h e  s a m e  p i ece  o f  Halymenia latifolia. O r d i n a t e :  s t a t e  f i n a l l y  o b t a i n e d ,  d e t e r m i n e d  as i n  F ig .  1. 

induced  t ransi t ions  to  some {variable) e x t e n t  and t h e r e fo r e  renders  precise 
compar i son  o f  the  q u a n t u m  d e m a n d  for  the  t rans i t ion  in b o th  d i rec t ions  more  
diff icul t .  A fu r t he r  p rob lem in the  expe r imen t s  on  the  i nduc t ion  o f  s tate  2 
seems to  b e -  in some c o n d i t i o n s -  the  ach ievemen t  o f  a co m p le t e  s tate  1 as 
the  initial state.  At  the  m o m e n t  we can state  on ly  tha t  the  q u a n t u m  require-  
m e n t  fo r  b o t h  t rans i t ions  is o f  the  same range. F r o m  all expe r imen t s  which give 
da ta  for  the  q u a n t u m  d e m a n d  o f  bo th  t ransi t ions  f ro m  the  same piece o f  the  
thallus,  a mean  value of  7.8 • 10 -11 E • cm -2 (n = 11, o -- 2.4 • 10 -11) is f o u n d  
for  the  ha l f - induc t ion  of  s tate  2, and o f  4.8 • 10 -11 (n = 11, o = 1.9 • 10 -11) 
for  the  ha l f - induc t ion  o f  s tate  1 ( expe r imen t s  wi th  Halymenia, Cryptopleura, 
Phycodrys, Gymnogongrus, Rhodophyllis and Stenogramme). If  on ly  those  
expe r imen t s  (wi th  Halymenia, Stenogramme and Rhodophyllis) are selected 
which  were  d o n e  wi thin  two  m o n t h s  af te r  col lect ing the  algae (see p. 81),  
mean  values 7.1 • 10 -11 E • cm -2 (n = 5, a = 1.9 - 10 -11) for  the  ha l f - induc t ion  
o f  s tate  2 and o f  4 . 4 . 1 0  - 1 1 E . c m  -2 ( n = 5 ,  a = 9 . 3 " 1 0  -12 ) fo r  the  half- 
i nduc t ion  of  s tate  1 are ob ta ined .  Consider ing the  over lapping o f  the  state 2 
t rans i t ion  with the  dark  reac t ion  acting in the  same di rec t ion ,  there  seems to 
be a t e n d e n c y  towards  a higher  q u a n t u m  r e q u i r e m e n t  fo r  the  induc t ion  o f  
s tate  2. If  one  accepts  t ha t  the  deac t iva t ion  o f  the  $2 and $3 states of  o x y g e n  
evo lu t ion  occurs  a t  least  in par t  via backf low of  e lec t rons  f rom Q-  (and 
possibly PQ) (cf.  Refs. 16, 17) it  cou ld  be supposed  tha t  the  observed differ-  
ence  results f r om losses by  this deac t iva t ion  occurr ing  dur ing  the  i l luminat ion  
with low intensi t ies  o f  the inducing  light 2, or in the  fo l lowing dark  t ime.  In 
view of  the  i m p o r t a n c e  o f  precise compara t ive  da ta  fo r  the  unders tand ing  of  
the  induc t ion  mechan i sm,  fu r the r  expe r imen t s  on this po in t  are in progress. 

Discussion 

The  p resen ted  da ta  on the  q u a n t u m  requ i r emen t s  o f  the  in i t ia t ion o f  a 
t rans i t ion  f r om state  2 to  s tate  1 and  vice versa can give some hints  to  the  way  
o f  the  l inkage be tween  p r imary  p h o t o s y n t h e t i c  reac t ions  and the  decisive, rate-  
l imit ing final s tep o f  the  t rans i t ion which is visualized as a c o n f o r m a t i o n a l  
change o f  an individual  p ro te in  or  a n o t h e r  s t ructura l  change o f  the  thy lako id  
m e m b r a n e ,  which would  lead to  a red is t r ibu t ion  of  exc i t a t ion  energy  [18 ,19] .  
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Among the early photosynthet ic  events which could possibly induce such a 
process, such as electron transport, membrane potential changes, fluxes of pro- 
tons and of  Mg 2÷, the last one, especially, has been thoroughly discussed during 
the last years, because of  many similarities between the state 1-state 2 transi- 
tion and the cation effect  on the energy distribution in broken chloroplasts 
[18,20,21].  However,  two well established observations are hardly compatible 
with this interpretation: the antagonism of light 1 and light 2 and the return in 
the dark to a state resembling state 2. When state 2 is so similar to the dark 
state, it cannot  be identical with the high-energy state, as usually assumed (cf. 
Ref. 18) on the basis of  the work on intact chloroplasts [20,22].  At least each 
state must  be caused in a different way. 

Further, it can be concluded that the primary inducing factor, the state 
determining factor, has similar properties in light 2 and in the dark (but  differs 
greatly in light 1). Obviously, among the early photosynthet ic  events listed 
above, only electron transport  includes some elements which could be expected 
to meet  these requirements. Among such elements: some high-potential com- 
ponents  (E~ ~> 0.2 V) of  the electron transport  chain or some closely connected 
redox compounds  which attain similar redox states in the dark and light 2, 
are to be discussed. 

There is an obvious discrepancy, however, between our constant  findings 
about  the dark state in red algae and the corresponding results of  Williams and 
co-workers [14,15] on green algae on one side and the s tatement  of  
Bonaventura and Myers [6] and of Wang and Myers [9],  that  state 1 evolves 
in the dark, on the other. It is not  possible to solve this discrepancy at the 
moment .  If the 'state'  was determined by  the redox state of  an electron carrier, 
there would be some possibility that  this redox state and hence the probabili ty 
of  excitation energy transfer could vary in the dark according to the physio- 
logical conditions. But some confusion could also arise from the secondary 
increase of  the initial fluorescence peak after longer dark times which we do 
not  correlate with a change in a or in PTI~II [1]. 

If the state-determining factor be represented by an electron carrier involved 
in or associated with the electron transport  chain between both photosystems,  
the redox state of  which controls the degree of excitation energy transfer from 
Photosystem II to Photosystem I, as earlier proposed by Duysens [23] (or, less 
probably by the distribution pattern of  charges in the thylakoid membrane),  
the other crucial proper ty  of the in vivo regulation of  excitation energy, the 
antagonism of light 1 and light 2, ensues by itself. 

Every other concept  of  the linkage between the light reactions and the state 
transformation entails considerable difficulty in explaining this antagonism, 
insofar as both  light reactions create the same electrochemical potential,  the 
same proton gradient and, consquently,  the same gradient of  Mg 2÷ (and other  
ions). To account  for the observed antagonism it is necessary to provide for com- 
plex feedback effects by secondary reactions as in the proposal discussed by 
Barber et al. [18,20] .  This concept  suggests different reaction chains for the 
transition from state 1 to state 2 and for the reverse shift. Whilst the shift to 
state 2 (Barber et al. assume the dark state to be identical with state 1) is seen 
as the simple consequence of  the evolving high-energy state in the light and of 
the corresponding efflux of Mg 2+ from the intra-thylakoid space, the reverse 
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transition to state 1 when light 1 is superimposed is explained by the accumula- 
tion of ATP produced by cyclic phosphorylat ion which results in a back- 
pumping of Mg 2+ into the intra-thylakoid space by an ATP~lependent Mg 2÷ 
pump. 

According to this and similar models, one should expect a distinctly higher 
time demand as well as quantum requirements for the initiation of  a transition 
to state 1 than for the reverse process. However, we found both transitions to 
be fairly symmetrical in many respects, the energy demand being possibly even 
higher for the transition to state 2. 

There is a great number of  further facts which to us seem hardly compatible 
with the above proposal or with any concept providing for the formation or 
degradation of a Mg 2+ or a proton gradient as an integral part of  the reaction 
chain, but which fit very well in the idea of  the determination of  the 
probability of  excitation energy transfer by the redox state of  an electron 
carrier. 

Such facts are the observed very low quantum requirements for the induc- 
t ion of  a transition between both states, the short exposure time to light I or 
light 2 sufficient to obtain maximum response, and the capability of  the system 
to sum small impulses over a time of minutes with only minor losses. (If a con- 
centration gradient were involved, the steady leakage and metabolic degrada- 
t ion of this gradient should prevent this summation.) A special problem arises 
from the relative slow decay of  state 1 in the dark, demonstrating long persis- 
tence of  the state determining factor in the (redox) state, attained during the 
last i l lumination period. To our knowledge there are no measurements of decay 
kinetics of proton- and Mg2+-gradients in red algae, but in all experiments made 
with green algae or chloroplasts from higher plants, fast degradation of the 
gradients starts almost immediately after darkening. On the other hand, we 
found in our subjects a remarkably slow dark equilibration in the electron 
transport chain, the reduction of  cytochrome f in the dark after an exposure to 
red light having half-times in the range of a minute (unpublished results). 
Therefore it seems conceivable that  redox compounds located near cytochrome 
f as presumably the 'Riske' g = 1.89 iron-sulfur center (not observed by us) 
could have kinetics as expected from the postulated state-determining factor 
(cf. Ref. 24). 

The sigmoidal shape of the dose vs. effect curves is open to controversial 
interpretation. Considered by itself, this result could also be interpreted as a 
hint  of the existence of  a threshold value of some gradient which must be over- 
come to start a state transition as the cooperativity of several binding sites of a 
protein. However, in context  with the other points of  discussion we prefer the 
concept  that  it reflects the control of the light state by the redox state of an 
electron carrier located near the middle of  the electron transport chain or of a 
redox compound in close connection with it. 
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