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SUMMARY 

The kinetics of chlorophyll fluorescence were measured during the state l- 
state 2 and the state 2-state 1 transition in some members of the Florideae (Holy- 
menia latifolia, Phycodrys rubens and Delesseria sanguinea) and in Porphyra umbili- 
calis as a member of the Bangiales. 

With the members of the Florideae it was possible to induce 7030 % of the 
maximum transition in direction to state 1 (obtained by us in longtime experiments) 
by an illumination of only a few (2-5) seconds with medium intensities of light l*. 
A complete transition back could be induced by a similar short illumination with 
light 2*. The transition process itself is slow with values of z+ in the range of 10 to 
20 s and occurs in the dark with nearly the same speed as in continuous light 1 or 
light 2. 

The state l-state 2 transient of chlorophyll fluorescence is kinetically clearly 
different from the dark-light transient phenomenon. In dark times longer than 1 min 
Halymenia (starting from state 1) slowly approaches state 2. This decay of state 1 
is slower by a factor of about five in Halymenia than in Porphyra. This may explain, 
why in Halymenia, but not in Porphyra, the whole transition process can be resolved 
experimentally into a fast light reaction and a slow dark reaction. 

The results are discussed on the basis of a model which assumes the rearrange- 
ment of charges in the plane of the thylakoid membrane as a primary inducing event 
in the state l-state 2 transition. This may lead to a redistribution of excitation 
energy among Photosystems I and II by a slow dark process, which may include a 
conformation change of some protein(s). 

INTRODUCTION 

The state l-state 2 transition (as well as the reverse process) is known as a 
slow process ([l-7], for earlier experimental evidence see [4]) which needs several 

* Light 1, light 2: light preferentially absorbed by Photosystem I or Photosystem II, respectively 
[91. 
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minutes for completion. Red algae are suitable objects for investigations on this 
phenomenon, because of the minor overlapping between the spectra of both systems 
[8], and also because of the degree of the fluorescence changes connected with the 
transition [4, 8] and the relatively fast kinetics of the transition in some of these 
algae. With these objects we could discriminate experimentally between a fast, low- 
energy light reaction and a slow dark reaction. This slow dark reaction determines 
the time course of the whole effect and may involve several steps. In this paper we 
shall mainly report on the kinetics of the dark reaction. 

MATERIAL AND METHODS 

Thin laminate marine species of red algae were collected in the surroundings 
of Roscoff (France) and handled as described in ref. 8. 

Equipment for me~urements of chlorophyll fluorescence was also the same 
as in ref. 8. Measurements were carried out at a temperature of about 20 °C. During 
the experiments, which often lasted several days, the algae were covered with a 
dialyzing membrane and provided with 02 and nutrients by a slow stream of fresh 
sea water. By appropriate use of filter combinations in the actinic and the back- 
ground beam and in front of the photomultiplier, it was assured that the measured 
fluorescence light contained no more than at most 3 ~o scattered actinic light. It was 
also assured that both the actinic and background (or second actinic) beam covered 
exactly the same area of the thallus. 

Simultaneously, oxygen measurements were carried out [8]. 

RESULTS 

A sudden change from light 1 to light 2 as well as the addition and removement 
of  a light 1 beam to a light 2 background produces in Halymenia and in other members 
of the Florideae the same fast chromatic transients (Blinks-effect) and slow changes 
in fluorescence emission and 02 evolution (state 1-state 2 phenomenon) as described 
by Bonaventura and Myers [1 ] on Chlorella, by Duysens and Talens [2] on Schizothrix 
calcicola and by Murata on Porphyridium cruentum [3] and on Porphyra yezoensis 
[4]. It was found, that an illumination of a few seconds with light 1, inserted between 
longer periods of  illumination with light 2, suffices to induce a strong transition in 
direction to state 1. Therefore, if not mentioned otherwise, tile experiments were 
performed in the following way: We started with material in a nearly absolute state 2 
obtained after irradiation for 10 to 20 min with light 2 (550 am) of an intensity near 
the upper limit of linear correlation to oxygen evolution. When this state had been 
reached, it did not change markedly within 60 s of darkness between two 4 min- 
periods of illumination with 550 nm (Fig. 1 at right). During this 60 s dark period, 
light 1 (443 nm) of different intensities was given for 5 s in varying distance from 
the onset of the next period of 550 nm light. The 4-min periods of 550 nm light had 
the function to maintain or to restore (after illumination with 443 nm) state 2 and 
to serve as a detector for the transition in state induced by a preceding short illumina- 
tion with 443 nm. The height of the initial fluorescence peak (Fp) in light 2 or AF 
(the difference between this peak and steady-state fluorescence Fs) gave a quantitative 
measure indicating the degree to which state 1 had developed (Fig. 1). For direct 
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Fig. 1. Effect of a 5 s illumination with 443 nm light on the chlorophyll a fluorescence in a subsequent 
550 nm light period in dependence on the dark-time separating both light periods. Object: Halymenia 
latifolia. At left: dark-time between the 443 nm and the 550 nm light: 2 s; middle: dark-time 45 s; 
at right: control, no illumination with 443 nm light, dark-time 60 s. 

comparison b~tween different series of  experiments 
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was used. 
The effect of  a 5 s period of  light 1 is strongly dependent on the distance in 

time f rom the following 4 rain period of  light 2. Given immediately before the 550 
nm light, it has a poor  effect, but if  it is given at a distance of  45 s f rom the detector 
light, the effect is four-to ten fold (Fig. 1). The transition to state 1 starts with the 
beginning of  the irradiation with 443 nm and continues nearly at the same rate in 
the dark  as in light 1 (Fig. 2). The second (incomplete) series of  measurements with 
Halymenia shows, that  even an illumination of  2 s with 443 nm light of  medium 
intensity (8.3 • 10 - l °  einstein • cm -2 • s -x)  suffices to trigger a transition of  the 
same proportions.  

With onset o f  illumination with the 550 nm detecting light the evolution of  
the state 1 is immediately stopped and the reverse transition to state 2 is initiated. 
The induction of  a complete transition back to state 2 also needs only a few seconds 
of light 2. The kinetics of  this transition are roughly the same whether the whole 
process takes place in th~ light or whether it proceeds in the dark  after 5 s of  light 2 
(Fig. 3). We did not  find a first order kinetic for this process as Murata  [4] did, 
neither with members of  the Florideae nor with Porphyra wnbilicalis. At all experi- 
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Fig. 2. Evo lu t ion  o f  state 1 after an. i l luminat ion o f  2. s (<~) ,  5 s ( ,  and O )  or  lO s ( 0  Pkycodrys) 
with  l ight  o f  443 rim. The intensi ty o f  the 443 n m  l ight  was 8.3" 10 -10 (IIalymenia) respectively 
6.9 • 10-1 o (Phycodrys) einstein • c m - 2 .  s -1 .  The indiv idual  points  give the values o f  d F  o f  chloro-  
phyl l  fluorescence, exci ted by a s t andard  i l lumina t ion  with 550 n m  light,  3.5 • 10 - 1 °  (Halymenia) 
respect ively 4.7 • 10-1 o (Phycodrys) e ins t e in ,  c m - 2 .  s -1 .  These d F values (in a rb i t r a ry  uni ts)  are 
used as a relat ive measure  for the t rans i t ion  in di rect ion o f  state 1. 

mental conditions tested, at varying intensities of 550 nm light (including very low 
intensities) and varying intensities of 443 nm light, we monotoneously got kinetics 
as shown in Fig. 4 in semilogarithmic plot. 

The kinetics of transition in either direction are quite similar, as Fig. 5 shows. 
However in order to make a precise quantitative comparison of the kinetics of the 
transition in both directions, one had to make sure, that the starting points are the 
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Fig. 3. Convers ion  o f  state 1 into state 2 in  l ight  2 ( © )  or  in  the da rk  after a 5 s i l lumina t ion  with 
l ight  2 of  the same intensi ty,  3.5 • 10 - 1 °  einstein • cm -2  • s -1 550 n m  ( 0 ) .  An  in termedia te  s ta te  
app roach ing  state 1 was induced by a 5 s i l lumina t ion  wi th  l ight  1 (8.3 • 10 - 1 °  e ins te in -  cm -2 • s - l ) .  
Ft = fluorescence at  t ime t, F ,  = s ta t ionary  fluorescence. Object: Halymenia latifolia. I l lumina t ion  
scheme: 5 s 443 nm,  20 s dark ,  5 s 550 nm,  0-x s dark ,  5 ra in  550 nm, 5 s 443 n m  . . . . .  
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Fig. 4. Semilogarithmic plot of AF/F, against time. Light 1 (443 nm) of (a) variable or (b) constant 
(8.3 - 10 - l °  einstein, cm -2 • s -1) intensity was added to a (a) constant (6.4.10 - j °  einstein, cm -2 • 
s - j )  or (b) variable light-2-backgrotmd (550 rim). The variable intensities are indicated at the 
corresponding curves. Similar kinetics are found when 443 nm and 550 nm light is given alternatively, 
independent of the length of the 443 nm light period. Object: Halymenia latifolia. 

" a b s o l u t e "  states 1 o r  2 a n d  t h a t  n o  d a r k  decay  o f  the  states takes  place.  Bo th  con -  
d i t i ons  were n o t  g iven  in  o u r  exper iments .  

I f  the  d a r k  pe r iod  fo l lowing  a n  i l l u m i n a t i o n  wi th  l ight  1 is p r o l o n g e d  for  m o r e  
t h a n  1 rain,  the  in i t i a l  f luorescence  p e a k  in  the  de tec t ing  l ight  becomes  smal le r  aga in  
a n d  f inal ly  af ter  5 t o  10 m i n  d a r k n e s s  reaches  a m i n i m u m  va lue  o f  a b o u t  h a l f  the  
m a x i m u m  (Fig.  6 -8) .  This  resu l t  co r r e s p o n d s  wi th  the  d a t a  given b y  M u r a t a  [4] for  
Porphyra yezoensis (differ ing o n l y  in  the  h a l f  t ime  o f  the  decay) ,  b u t  seems to  be 
i n c o n s i s t e n t  wi th  s o m e  obse rva t ions  [1, 5] wh ich  ind ica te  t ha t  state 1 c an  also be 
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Fig. 5. Comparison of the kinetics of the evolution of state 1 during and after a 5 s illumination 
with 443 nm light (8.3 • 10 - j °  einstein, cm -2 • s -1) (O) and of the return to state 2 during and 
after a 5 s illumination with 550 nm light (3.5 • l0 - j °  einstein- cm -2 • s - j )  (Q). 
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Object: Halymenia latifolta. 
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Fig. 6. T ime-course  curves  o f  ch lorophyl l  a f luorescence in Halymenia latifolia in l ight 2 (3.3 • 1 0 - z  o 
e inste in • cm -2  • s -1  550 n m )  in dependence  o n  the distance f rom a preceding 2 min  i l luminat ion  
wi th  light 1 (8.3 • 10 - l °  einstein" c m  -2  • s -1  443 nm) .  D a r k  interval  (a) 1 min,  (b) 5 min,  (c) 10 

m i n  and  (d) 20 min.  

produced by prolonged darkness. After darkening the algae for more than 10 min 
the height of the initial fluorescence peak rises again and may reach, after many 
hours, twice the maximum peak height attained as a consequence of illumination 
with light 1. But the kinetics of the induction phenomenon after prolonged dark-time 
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Fig. 7. V a r i a t i o n  o f  ZIF and o f  the  decay-hal f - t ime o f  ch lorophyl l  a f luorescence in l ight 2 wi th  in- 
creas ing length  o f  the dark  t ime separat ing a preceding i l luminat ion  with light 1 f rom the i l luminat ion  
wi th  the  m e a s u r i n g  b e a m  (light 2). Abscissa:  Length  o f  the dark  t ime,  logari thmic  scale. Light  2 = 
3.5 • 10 - 1 °  e inste in • cm -2  • s - I  550 nm,  l ight 1: (a) 2 rain 8.3 • 10 - 1 °  e instein • cm -2  • s -1  443 rim, 

(b) 5 s 443 rim, same  intensity.  Object: Halymenia latifolia. 
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Fig. 8. Decrease  o f  A F  with preceding dark- t ime increasing,  when  the experunent  is s tar ted with 
Porphyra in state 1. A relative state I (well below the absolute  state 1) was obta ined  by  a 15 s illu- 
mina t ion  with 2.1 • 10 - z °  e ins te in-  cm -2  • s - z  443 urn. Measu remen t s  are m a d e  with 4.9 • 10 - 1 °  

einstein • cm  -2  • s - z  550 nm.  

differ dearly from the kinetics of a true state 1-state 2 transition. Fig. 6 shows the 
gradual substitution of the kinetics of a typical state 1- state 2 transition by the 
kinetics of a conventional dark-light induction phenomenon (with a second flat 
fluorescence peak) when the dark time between the illumination with light 1 and 
light 2 increases. Both phenomena can be quantitatively distinguished best by their 
half-live time T~r. The gradual diminuation of the peak height of the chlorophyll 
fluorescence is followed, with a marked time lag, by a fairly abrupt diminuation of 
~t. But when the peak height rises again, the values of T~r remain constant for hours 
(Fig. 7). 

The phenomena observed on members of Florideae are in principle the same 
as those reported from Bangiales [3, 4] or from Chlorella [1 ], they differ essentially 
in the rate constants of the individual processes involved in the variation of the peak 
height of chlorophyll a fluorescence (Fe) (Figs. 7, 8). In the experiments of Murata 
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Fig. 9. Scheme: The  actual  s tate ( - - )  varying between the initial absolute  s ta te  2 ( =  0 % transi t ion,  
m a x i m u m  energy t ransfer)  and  the absolute  state 1 (100 % transi t ion,  m i n i m u m  energy t ransfer  between 
Pho tosys t ems  II and  I) as a resul tant  o f  two counterac t ing  processes:  the convers ion o f  state 2 into 
state 1 ( - - ) ,  induced  by  a shor t  i l luminat ion  with light 1 and  the  slow dark-decay o f  state 1 ( - - - )  
which leads to an  in termediate  state, unde r  ou r  condi t ions  approach ing  state 2. (a) Scheme for 
Halymenia with very slow dark  decay. (b) Scheme for Porphyra, bo th  counterac t ing  processes hav ing  
similar t ime constants .  
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with Porphyra yezoensis [4] as in ours with Porphyra umbilicalis, the dark decay of 
state 1 is much faster (by a factor of  about five) than in Halymenia or in Phycodrys 
(Fig. 8). This may explain, as the following scheme (Fig. 9) demonstrates, why only 
in our experiments with members of Florideae the development of state 1 continues 
in the dark after a few seconds of illumination with light 1 while in Porphyra it does 
not or it continues only to a very small extent. It further explains why in Porphyra 
much longer illumination periods with light 1 are necessary for an 80 ~ conversion 
of the state than in Halymenia. The dark decay of state 1 may finally explain why 
also in Halymenia the full "absolute" state 1 is obtained only after illumination with 
light 1 of more than 1 min. In Halymenia as well as in Porphyra the z~ values for the 
state 1-state 2 transition are greater than the r~ values for the dark-light-induction 
phenomenon after prolonged dark time, but the difference is much greater in Porphyra. 

DISCUSSION 

The discussion of our experiments is based on the assumption that the initial 
enhancement of chlorophyll fluorescence in light 2 after irradiation with light 1 
(respectively the slow rise of fluorescence intensity in light 1 following an illumination 
with light 2) is a consequence of a redistribution of excitation energy among both 
photosystems, as proposed initially by Bonaventura and Myers [1 ] and by Murata 
[3, 4] and as widely accepted by others in the following years (e.g. refs. 5, 7, 10, 11). 
The controversal interpretation of the state 1-state 2 phenomenon by Williams and 
Salomon [12], (variation of the quantum yield of light reactions 1 and 2) does not 
seem suitable to explain the fluorescence phenomena, especially the parallel rise of 
fluorescence yield and 0 2 evolution during the state 2-state 1 transition, and, there- 
fore, may be ignored here. 

Within the scope of the first hypothesis, the relative height of the initial 
fluorescence peak after switching from light 1 to light 2 (represented as AF/F s or, 
if only values of one experimental series have to be compared, as AF), can be used 
as a relative measure of the state of the object at the beginning of the illumination 
with light 2. This state will be in the most cases an intermediate one between state 1 
and 2 (the absolute state 1 : minimum energy transfer between Photosystems 2 and 1, 
and the absolute state 2: maximum energy transfer). It could, in the understanding 
of  the first hypothesis, better be defined as probability of energy transfer with values 
between 0 and 1 (zero and maximum energy transfer). The absolute state 1 is not 
necessary identical with value 0 for the probability of energy transfer. 

However there are some restrictions in using AF as a relative measure of the 
probability of energy transfer induced by a short light 1 period, especially if the 
light 2 period does not follow immediately light 1. The fluorescence yield, depending 
not only on the part of excitation energy diverted to Photosystem II, but also on 
other parameters, especially on the redox state of Q, the primary electron acceptor 
of Photosystem II, is therefore also a function of all factors affecting the redox state 
of Q. There are chiefly two facts which interfere with the effect of a change in the 
state on the fluorescence yield and therefore impair AF as a quantitative measure 
of the state attained after a short (triggering) light 1 period: (1) The Blinks-effect 
which will reduce AF especially if there is no time or only a short time interval 
between the inducing and the detecting light period, (2) a superimposed "normal"  
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dark-light-induction phenomenon (Fig. 6). The last effect, important only at greater 
distances between both light periods, is difficult to eliminate or to compensate by 
calculation. Also the extrapolation of the curves at zero time to get f0 as defined by 
Murata [4] to eliminate the Blinks-effect does not seem practicable since the semi- 
lograthmie plots in Fig. 5 are not linear and therefore the error of an explanation may 
be to big. Lastly, one has to keep in mind the dark decay of the state, also being of 
a greater consequence only at longer dark periods between the inducing and the 
detecting light period (Figs. 6-8). Because all three factors may be influenced by 
parameters of the specific experiment in a different way, the curves of AF could give 
a more or less distorted representation of the dependency of the state on the param- 
eter. However, the good correspondence between the kinetics of the state 1-state 2 
transition with the kinetics of the state 2-state 1 transition (Fig. 5) speaks against 
a stronger distortion of the curves presented here. 

The observation, that in Halymenia a light 1 period of 2 seconds suffices to 
induce at least a 70-80 ~o transition from state 2 to state 1 and that the slow process 
of transition goes on in the following dark time at the same or nearly the same rate 
than in continuous light 1 seems to us most important for the understanding of the 
state 1-state 2 phenomenon. It rules out some possible interpretations. The scheme 
in Fig. 9 gives a tentative explanation for the fact that this separation of the whole 
transition process in a fast light- and a slow dark-reaction was not observed with 
other objects like Chlorella [1], Porphyridium [3] and Porphyra (ref. 4 and our own 
experiments) and the further observation that in Halymenia the full transition could 
be obtained only with illumination times with light 1 of more than 1 min. If this 
interpretation is correct, it would need no more than 2 s of light 1 of medium intensity 
to trigger the complete transition from the absolute state 2 to the absolute state 1 
if the back reaction in the dark could bs prevented. 

There is ample evidence for a close relationship between the light-dependent 
state 1-state 2 phenomenon observed in whole cells and in intact chloroplasts [10] 
and the light-independent effect of magnesium observed in broken chloroplasts 
[7, 10, 13-17]. A connection between both phenomena could be seen in the light- 
driven cation transport through the thylakoid membrane [10]. This concept is sup- 
ported by the measurements of the light-driven cation and anion fluxes through the 
thylakoid membrane by Hind et ai. [18], which show changes of the concentration 
of Mg 2+ (and, to a smaller degree, of other ions) inside and outside the thylakoid 
membrane, which are of the same order of magnitude as found necessary in the 
experiments with broken chloroplasts to produce changes in fluorescence. Also the 
kinetics of these ion transport processes (in counter flow to th~ primary proton trans- 
port) are comparable to the slow fluorescence change. The main problem, however, 
for this interpretation is to explain the antagonistic effects of the two light reactions, 
since both generate the same electric field [19] and consequently drive an apparent 
influx of protons and concomitant efflux of Mg 2+ [18, 20]. Obviously the light- 
induced long-term fluorescence changes, in so far as they are related to the state 1- 
state 2 phenomenon, do not simply indicate the high energy state or the electro- 
ch~=mical potential of the thylakoid membrane as Krause [16] proposes for his experi- 
ments in white light. One has to remember that the wavelength-dependent state 1- 
state 2 phenomenon has b~en shown to be kinetically distinct from the dark-light 
induction phenomenon for which this interpretation by Krause is given and for 
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which it seems very likely. The additional proposal to explain the wave length- 
dependence of long-term fluorescence-changes on the basis of cation fluxes, dis- 
cussed in [10], that a surplus activation of Photosystem I could lead, via cyclic phos- 
phorylation, to an increase in the chloroplast ATP pool which could stimulate the 
functioning of an ATP-dependent Mg 2+ pump operating to oppose the primarily 
induced Mg 2+ efflux, does not seem very likely. There is no indication of such an 
energy-wasting mechanism. If this mechanism would function, the steady-state 
electric field over the thylakoid membrane should be strongly wavelength-dependent, 
being much stronger in light 1. However, both photosystems contribute equally to this 
field [19]. Furthermore, according to this suggestion the state 1-state 2 phenomenon 
should vanish at low energy charge of the cell and should be replaced by an analogous 
wavelength-independent low-high potential phenomenon. Our finding that in some 
red algae a short illumination with light 1 or light 2 induces a transition in the state, 
which is realized in a slow reaction in the dark, seems to be another argument against 
a close (direct) connection between the state 1-state 2 phenomenon and the Mg 2+ 
transport through the thylakoid membrane. As we will show in more detail in a 
following paper our results seem to be in a much better agreement with the proposal 
of Duysens [5], that the primary event, which induces the transition from one state 
to another is a change in the redox state of some components of the electron transport 
chains. Such a rearrangement of charges in the plane of the thylakoid membrane 
could induce a slow conformation change of some proteins (a process, in which the 
reaction of side chains with Mg 2+ may be included). Adopting the model of Seely 
[21], this could lead to a reorientation of some key chlorophyll-molecules, which 
control the transfer of a portion of the whole absorbed energy in direction to the 
traps of Photosystem I or Photosystem II. Since Photosystem II of most of the red 
algae seems to involve only a small number of chlorophyll molecules (10 to 20 ~ of 
the number of the chlorophyll molecules of a Photosystem I unit, according to our 
action spectra [8], such a mechanism should work with much higher efficiency in 
these algae than in plants with Photosystem I and Photosystem II units of nearly 
equal size concerning the number of chlorophyll molecules. Functionally, this model 
resembles the model of Butler and Kitajima [22]. 

The proposed model would have the consequence, that a regulation of energy 
distribution among Photosystem I and Photosystem II also could be effected by a 
feed back from secondary photosynthetic reactions. Every change in the reduction- 
or the energy-charge inside the chloroplast (or rhodoplast) should react on the 
distribution of excitation energy by causing a rearrangement of charges in the thyla- 
koid membrane. This mechanism would be a means to regulate not only cyclic and 
noncyclic electron transport, but also the energy supply of both processes. It also 
could explain the variable equilibrium situation in the dark. 
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