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Light energy utilization in Porphyra perforata was monitored by the photoaconstic method in different conditions of 
iflumination. Auxiliary chlorophyll a fluorescence measurements were made to estimate the fraction of open photosys- 
tern II (PS II) reaction centers. These measurements allowed a consistent quantitation of excitation distribution and 
transfer from PS H to PS I under the physiological conditions used. Maximum energy storage was obtained with 
modulated light absorbed almost exclusively by the phycobilins (light 2). Modulated light absorbed by chlorophyll a 
(light I) gave much smaller energy storage (about 1 / 3  of the maximum), which could be enhanced to the maximum by 
addition of background light 2. Addition of increasing intensities of background light 1 to modulated light 2 did not 
initially induce any effect and then decreased the energy storage to about half of the maximum. From the above results 
and with simple mathematical modelling, numbers were obtained for light distribution and energy transfer parmneters. 
From the enhancement saturation curves of the effect of background light 2 on the energy storage in modulated light 1 
we conclude that in state 1 light 2 is exclusively absorbed in PS II and that there is no energy transfer to P S I  from 
open PS II reaction centers. From the value of the energy storage for light 2 in state 1 and the degree of openness of 
PS H reaction centers it is possible to conclude that energy transfer to PS I occurs from dosed PS II reaction centers 
with a probability approaching 1. In state 2 light 2 is distributed more evenly (approximately in a ratio PS ! I / P S  I of 
0.55:0.45) either by energy transfer via PS II from open PS II reaction centers, or by direct interactions of the 
phycobilins and PS I. Comparison of the maximum fluorescence values in the two states favors the second possibility. 
Energy transfer from PS H units with dosed reaction centers occurs again in state 2 with a probability approaching 1. 
Comparison of energy utilization and oxygen evolution in light 1 relative to light 2 and the inhibitory effect of DCMU, 
which is complete in light 2 but only partial in light 1, suggests the existence of two types of P S I  units: one type is 
engaged in electron transfer from PS H and the other type specializes in cyclic electron flow. The above quantitative 
analysis allows to estimate the ratio of the two types of P S I  unit to be roughly about 0~3:0.7, respectively. 

Introduction 

In the photosynthesis of cyanobacteria and red algae, 
the phycobiliproteins, aggregated into the phycobili- 
some structure, are thought to be associated mainly 
with PS II and serve as its main hght-harvesting pig- 
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ments. Similarly, chlorophyll a serves mainly PS I. The 
quoted evidence for this is the action spectra of oxygen 
evolution measured with low intensity probing hght in 
the presence of excess background hght absorbed pre- 
dominantly by either chlorophyll a or by the phyeobi- 
lins. For each case the action spectrum reflects the 
absorption of the complementary pigments [1-3]. 
Another type of evidence comes from excitation spectra 
of fluorescence at cryogenic temperatures, particularly 
the comparison of the fluorescence parameters F o and 
F m at PS I and PS II emission bands [4]. Other ap- 
proaches involve the rate and extent of reduction and 
oxidation of intersystem electron carriers [5] and action 
spectra for partial electron transport reactions specifi- 
cally sensitized by either P S I  or PS II measured in 
spheroplasts and isolated membranes [6]. 
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In  contrast  to the above, however, the quan tum yield 
of  steady-state oxygen evolution in cyanobacter ia  and 
red algae is found to be constant,  close to the theoreti- 
cal maximum, for wavelengths absorbed primarily by  
the phycobil iproteins (denoted light 2) [1,3,7]. This im- 
plies that light 2 excites P S I  and PS II  equally and that  
the excitation is transferred f rom the phycobil iproteins 
to PS I. The c o m m o n  presumpt ion is that  there is no  
direct interaction between the phycobil iproteins and PS 
I, hence it is thought  that  excitation f rom the phyco-  
bilisomes is first specifically transferred to a special 
chlorophyll  a associated with PS II, and f rom there it is 
competit ively transferred either to the reaction centers 
of  PS II  or  to PS I [4,8]. According to this picture the 
yield of  energy transfer to P S I  should depend on the 
photochemical  state of  the reaction centers of  PS II,  
increasing largely when the reaction centers are closed. 
This mechanism was proposed by  Myers [8,9] and the 
process was termed 'spill-over' .  Spill-over explains the 
flat quan tum yield of  oxygen evolution for the entire 
light 2 range, in spite of  the differing absorpt ion of  light 
2 by  the phycobil iproteins and chlorophyll  a. I t  is 
consistent with the enhancement  in the quan tum yield 
of  light 2 for oxygen evolution caused by the addit ion of  
background  light 1 (Emerson enhancement) ,  by  consid- 
ering that when P S I  receives surplus excitation (and 
hence causes the reaction centers of  PS II  to be fully 
opened) light 2 excitation is not  transferred then to P S I  
but  remains in PS I I  [9]. 

Another  type of  evidence for the above concepts  
emerged f rom the work of  Butler et al. [4,10]. They  
observed a light induced increase of  fluorescence in an 
emission band  associated exclusively with PS I (at cryo- 
genic temperatures) which had the same time depen- 
dence as the fluorescence rise in a PS II  emission band.  
Since the fluorescence rise was correlated to closure of  
PS II  reaction centers but  not  to closure of  P S I  reaction 
centers it was proposed  that the rise of  fluorescence 
emission f rom P S I  reflected increased energy transfer 
f rom PS II, following the progressive closure of  its 
reaction centers. A mathematical  analysis of  this phe- 
nomenon,  based on data  obtained at different excitation 
wavelengths, gave values for the energy transfer prob-  
ability for open  and closed PS I I  reaction centers as well 
as the initial distr ibution ratios of  light, due to its direct 
absorpt ion in PS I I  (f l)  and in PS I (a).  For  the alga 
Porphyridium cruentum it was first estimated [11] that  
the energy transfer probabil i ty was around 0.5 for an 
open PS I I  center increasing to about  1 for a closed 
center. The distr ibution ratio to PS II  (f l)  for light 
absorbed almost  exclusively by  phycoerythr in  (e.g., 580 
nm) was found to be essentially 1 (i.e., total initial 
absorpt ion in PS II). Similarly, the distribution ratio to 
P S I  for light absorbed exclusively by chlorophyll  a 
(e.g., 700 nm) was essentially 1 (i.e., total absorpt ion by 
PS I). This work was extended [12] to take into account  

the two states of  excitation distr ibution [13,14]: ' s ta te-2 '  
(obtained after prei l lumination with light 2), in which 
there is almost  equal excitation of  the two photosys tems 
in light 2, and ' s ta te  1' (obtained after prei l lumination 
with light 1), in which there is greater excitation of  PS II 
than P S I  in light 2. Relatively marginal  differences 
were found in the energy transfer probabilit ies: 0.94 
and 0.97 for states 1 and 2, respectively, for closed PS II 
reaction centers and 0.48 and 0.61 for  open reaction 
centers. These numbers  as such are, however, no t  con-  
sistent with the occurrence of  significant Emerson en- 
hancement  for oxygen evolution at physiological tem- 
peratures, as is usually observed [2,3]. Probabilities of  
energy transfer f rom open  PS II  reaction centers to PS I 
close to or  above 0.5 would result in an equal or  less 
excitation in PS II  relative to PS I. This would lead PS 
II  reaction centers to be completely open  and the activ- 
ity of  PS II  could not  be further  enhanced by light 1. 
Thus, the above values of  Butler and co-workers must  
be revised. 

List of symbols 

ES energy storage (fraction of absorbed photon energy stored 
as chemical energy) 

(ES)m~ maximum value of ES, obtained when the reaction centers 
of the contributing photosystem(s) are all open 

E enhancement function 
Ema x maximum value of E = (ES) ,~ , /ES  
a, fl light distribution coefficients for light 2 in PSI and PS II, 

resp. 
a', a" light distribution coefficients for light 1 in PSI for linear 

and cyclic electron flow activities, resp. 
o', o" maximum energy storage contributed from PSI  linear 

and cyclic electron flow activities, resp. 
eel, ¢2 quantum yields of photochemistry for open reaction 

centers of PSI and PS II, resp. 
~ET energy transfer probability from a closed reaction center 

II to PSI 
~'~ro energy transfer probability from an open reaction center 

II to PS I 
fl, f2 degree of "openness" of PSI and PS II reaction centers, 

resp. 
i 1 Intensity of modulated light 1 
12 intensity of background light 2 
(I2)b intensity of background light 2, in presence of modulated 

light 1, at the 'balance point', where all photosystems 
achieve maximum activity (all reaction centers open) 

F o fluorescence level corresponding to all PS II reaction 
centers open (obtained with addition of background 
saturating light 1) 

F s fluorescence at a steady-state electron transport with light 
2 alone (slowly varying with the state transitions) 

F m fluorescence level corresponding to all PS II reaction 
centers closed (obtained with addition of photosynthet- 
icaUy saturating light). 

kF, kt, kp decay rate constants for the excited state in PS II for 
fluorescence, energy transfer to PSI and photochemistry, 
resp. 

superscripts (1) and (2) refer specifically to state 1 and 2, resp. (where 
no superscript appears the state designation is clear from the context) 



There are indeed several weaknesses in the above 
analysis [11,12] of the light distribution parameters. 
First, it assumed that the observed initial fluorescence 
level (Fo), in the fluorescence induction transient, is 
entirely emitted from units with open reaction centers 
of PS II, ignoring the possibility that F 0 may contain 
irrelevant background contributions from other sources 
[15]. This could change the evaluation of energy transfer 
probabilities. Second, the extent of superposition of the 
P S I  and PS II emission bands was apparently not 
rigorously calculated. Another obvious drawback of this 
approach is that cryogenic temperatures may change the 
structural arrangement of the pigment complexes and 
significantly affect the yield of energy transfer, since it 
is very sensitive to slight changes in distance or orienta- 
tion of neighboring pigment complexes. Independent 
work using picosecond kinetics of the fluorescence at 
cryogenic temperatures, is consistent with a model which 
favors a much higher probability of energy transfer 
from chlorophyll a of PS II to PSI in state 2, relative to 
state 1. This is deduced from the decay kinetics of PS II 
fluorescence [16] and build-up kinetics of PSI  fluores- 
cence [17]. Quantitation of these data seems difficult, 
due to large noise/signal ratio. Furthermore, the 
extrapolation from cryogenic temperatures to the 
physiological conditions is again not self-evident. Thus, 
another type of approach is required. 

In the present work, the photoacoustic method of 
measuring energy utilization in photosynthesis [18] was 
used to study excitation distribution. The photoacoustic 
method is applicable to physiological conditions and 
complementary to measurements of oxygen evolution. 
With the photoacoustic method one can obtain infor- 
mation on photosynthetic energy storage and thus 
quantify energy distribution. This method was used here 
with the marine red alga, Porphyra perforata. As 
expected, we found that light absorbed by chlorophyll a 
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(light 1) results in a much lower yield of energy storage 
('blue' and 'red' drop) than light absorbed by the 
phycobilins (light 2), and that background continuous 
light 2 enhances the energy storage of modulated light 1 
to a maximum level. Quantitation of these results, 
bearing in mind the state of the system, proves that 
light 2 is divided between the two photosystems by a 
different mechanism in each state. In state 1 there is a 
strong dependence on the degree of closure of PS II 
reaction centers, implying competitive energy transfer 
from PS II to PSI and automatic mechanism controlled 
by the reaction centers to balance the photosystems 
(i.e., 'spill-over'). In state 2 there is excitation balance 
already with open PS II reaction centers either by 
energy transfer from open reaction centers or by direct 
interaction of PSI  with the phycobilins. Auxiliary fluo- 
rescence measurements gave results consistent with the 
second possibility. 

Materials and Methods 

The photoacoustic method as applied to photo- 
synthesis measurement has been outlined in numerous 
publications (see for example, Ref. 19 for a review). In 
the present study it is used to record relative changes in 
the conversion of light energy, absorbed by the algal 
thallus, to heat. The photoacoustic cell consists of a 
small chamber of air (of volume about 0.1 cm3), 
engraved in lucite, that communicates with a micro- 
phone through a small channel. When the thallus is 
irradiated with intermittent light, a microphone signal is 
generated. This effect is primarily due to the intermit- 
tent release of heat, by the conversion of the absorbed 
light energy. The heat is conducted towards the thallus 
surface and since it is partially modulated, it generates 
temperature oscillations there and in the adjacent air. 
This in turn causes corresponding periodic pressure 
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Fig. 1. Raw data of photoacoustic signals and their manipulation. Wavy arrows indicate modulated light (in the light limiting range) and straight 
arrows indicate background saturating white light (PAR about 2000/LE.m-2-s-1).  Upward arrow - light on, downward arrow - light off. (A) 
Modulated light 2, 580 nm (36 pE-m-2 . s -1 ) .  (B) Modulated light 1, 700 nm (90 pE .m-2 . s -1 ) .  The energy storage activity, ES,  is defined as 

(a - b ) / a ,  where a is the signal with saturating background light and b is the signal without the background light. 



180 

oscillations (sound) in the bulk enclosed air [20]. An 
additional mechanism of some importance is the gener- 
ation of elastic waves within the thallus itself, caused by 
the temperature oscillations in its bulk [21]. For a given 
wavelength and frequency of the intermittent light and 
for a given experimental material, the microphone sig- 
nal is proportional to the rate of light energy absorbed 
and the yield of its conversion to thermal energy. 

Due to photochemical activity and the partial storage 
of the light energy in photosynthetic intermediates, the 
modulated heat emitted from the alga, which produces 
the photoacoustic signal, is not the maximum amount. 
Such a maximum is obtained when the photosynthetic 
apparatus is saturated by additional strong non-mod- 
ulated light [22,23]. Using this procedure, photo- 
chemical activity can be measured as an energy storage 
parameter (abbreviated ES). This is obtained from the 
difference between the photoacoustic signals in presence 
and absence of photosynthetically saturating back- 
ground light by taking its ratio to the maximum photo- 
acoustic signal (cf. legend to Fig. 1). The ES is theoreti- 
cally the fraction of the photon energy stored as chem- 
ical energy (and therefore not released as heat) in a 
reaction time-scale of 1/2~r of the cycle time of the 
intermittent light [24]. Variations in ES are interpreted 
as changes in the quantum yield of the photochemical 
reaction(s). To compare various wavelengths on a 
quantum basis, the relative yield of the reactions leading 
to energy storage is obtained by dividing the ES by the 
wavelength of the modulated light [22-24]. Note that 
the above ES parameter was termed 'photochemical 
loss' (PL) in previous publications [22-24] to indicate 
the deficit in the signal, relative to the maximum one, 
by the occurrence of photochemical reactions. 

In the present case of a marine algal thallus, one 
would not expect the additional contribution to the 
photoacoustic signal by a 'photobaric' mechanism, as 
was found in green plant leaves [23], water ferns [25], 
lichens [26] or layered microalgae [27]. In those cases, 
the photoacoustic signal at low modulation frequencies 
had an additional component originating from pulsed 
photosynthetic oxygen evolution that also gave rise to 
pressure oscillations in the air phase. The thallus of 
Porphyra perforata is a single layer of cells covered with 
a thick (about 30 #m) cuticle saturated with water. The 
slow diffusion of oxygen through such a thick barrier 
towards the gaseous phase should result in total damp- 
ing of any modulated component [23,28]. In fact, in our 
experiments there was no such contribution from oxygen 
evolution. 

The set-up of the photoacoustic cell was similar to 
that described previously [23] with a fiber optic light 
delivery system. Intermittent light (frequency about 20 
Hz) from a light source (ILC xenon arc R300-3)/mono- 
chromator (Bausch and Lomb)/chopper  (Ithaco or PAR 
model 125A) combination was focused onto one of the 

branches of a flexible trifurcated light guide. Back- 
ground light from a quartz iodine incandescent lamp 
(General Electric type EJM) was passed through ap- 
propriate interference filters (either Balzers type 15 nm 
bandwidth to achieve higher intensity, or Infra Red 
Industries 5 nm bandwidth to obtain greater monochro- 
maticity). Alternatively, the light was passed unfiltered 
(except for a protecting heat filter, Balzers Calflex-C) to 
serve as a strong photosynthetically saturating back- 
ground light. The background light was focused onto 
another branch of the light guide. The two beams were 
each controlled by appropriate shutters so that they 
could reach, separately or combined, the common light 
guide exit, which led light into the photoacoustic cell. 
The third branch of the light guide served, in a few 
experiments, to deliver fluorescence from the sample to 
a photomultiplier detector (Hamamatsu Photonics R 
928). In this case fluorescence was isolated by a 685 nm 
narrow band interference filter, placed in front of the 
photomultiplier, while one or two blue Coming CS 4-96 
glass filters were used to remove the red edge of the 
strong saturating light, so that it would not interfere 
with the fluorescence. The modulated signals from the 
microphone and the photomultiplier were processed by 
separate lock-in amplifiers (Ithaco model 193, PAR 
model 128A) which isolated the part of the signal 
synchronous to the light modulation frequency and thus 
rejected irrelevant signals and noise. The amplifier out- 
put, corresponding to the amplitude of the microphone 
signal, was recorded continuously on a strip chart re- 
corder (Varian model G-1000). 

The whole apparatus was placed on a heavy optical 
table with the photoacoustic cell particularly shielded 
from vibrations by putting it on heavy blocks of lead 
placed on a hard foam mat while the leading edge of the 
light guide was supported by soft foam. This was neces- 
sary as the sealed microphone is extremely sensitive to 
vibrations (but not to ambient sound). This arrange- 
ment was optimized by trial and error. The noise/signal 
ratio was still variable with time, probably dependent 
on factors beyond our control (e.g., activity in neighbor- 
ing laboratories, earth vibrations, etc.). Thus, in most of 
the photoacoustic experiments a slow time constant (4 
s) was used in the lock-in amplifier to bring the noise/  
signal ratio to reasonable low levels, appropriate for 
meaningful measurements. 

Estimation of incident light intensities was made 
with a calibrated thermopile placed in the same position 
as the algal thallus. To estimate the ratio of absorbed 
light intensities for two wavelengths (particularly in the 
analysis of Emerson enhancement data) maximum 
photoacoustic signals (i.e., in the presence of photo- 
synthetically saturating background light) were recorded 
for modulated beams of the two wavelengths. This 
maximum signal is proportional to the total absorbed 
light. Thus the ratio of the maximum signals is the 
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trum for oxygen evolution taken from Luning and Dring [30] (dashed 

line). 

known ratio of the incident light intensities times the 
ratio of the unknown percent absorption. The precision 
of these measurements is estimated to be within 10% 
error, affecting correspondingly the various calculated 
parameters. 

Gametophytes of P. perforata were collected at 
Pescadero Point, San Mateo County, CA. 2-cm discs cut 
from the plants were cultured with vigorous aeration in 
Guillard's f / 2  enriched sea water medium [29] changed 
twice weekly. Lighting was by cool-white fluorescent 
tubes at 25 #E. m -2. s -~ on a 12 h/12 h light-dark 
cycle. Temperature was 15°C. The plants were 
acclimated to these conditions for 7 days prior to 
experiments. 1-cm diameter discs of the alga were cut 
by a circular blade and put into the photoacoustic cell 
for the measurements. 

Our first concern was to make sure that the algal 
thallus could survive and keep up photosynthetic activ- 
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ity while enclosed within the photoacoustic cell. The 
small thallus disc was moistened and adhered into a 
glass slide that was then damped against the O-ring seal 
of the photoacoustic chamber enclosing the thallus. The 
same photoacoustic signals and photochemical activities 
persisted for hours with no obvious signs of fatigue. 
After the measurements were over, the disc was returned 
to the growth chamber and was found to keep growing 
normally. It seems that an equilibrium in evaporation 
was established rapidly in the photoacoustic cell and no 
further drying of the sample took place. When the alga 
was exposed to extensive long periods of the saturating 
light, the maximum level of the photoacoustic signal 
sometimes tended to change moderately and reversibly. 
This, most probably, was due to physical changes in the 
gross structure of the thallus, which affected the diffu- 
sion path-lengths of the released heat. However, this 
should not make any difference to the determination of 
the energy storage. 

Results 

Fig. 1 shows samples of raw data for the photo- 
chemical activities of the thallus, excited at two wave- 
lengths: 580 nm, absorbed primarily by the phyco- 
biliproteins (light 2) and 700 nm, absorbed primarily by 
chlorophyll a of PSI  (light 1). The ES was maximum 
in light 2 having values usually around 0.3 with a range 
of 0.25-0.40 in different experiments. The ES for light 
1 was usually about 0.1. This reflects the well-known 
'red-drop' in photosynthetic activity, caused by the 
insufficient excitation of PS II in light 1. By making ES 
measurements over the wavelength range of 400-710 
nm a relative quantum yield spectrum was constructed 
for photochemical activity (ES/wavelength), as can be 
seen in Fig. 2. This spectrum shows both 'red' and 
'blue' drops. One can see that, in a range where the 
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phycobilins have preferential absorption, the activity is 
maximum and quite fiat. These results are consistent 
with reported action spectra for oxygen evolution (Refs. 
2, 3, 7, 30, 31, dashed curve of Fig. 2) except that the 
extents of the 'red' and 'blue' drops in E S  are signifi- 
cantly less than for oxygen evolution, which tends 
sharply close to zero in the light 1 range. 

In all the above experiments we were careful to use 
modulated light intensities in the light limiting region 
for E S  ( <  30 #E .  m -2 .  s -1 for light 2). This was tested 
routinely by reducing the intensity by about 50% and 
observing essentially no change in ES. This was also 
confirmed by testing the range for light-limiting and 
light-saturating intensities, constructing a complete 
saturation curve for the effect of the background light 
(data not shown). 

The E S  activity of light 2, as recorded in Fig. 2, is 
presumably related to state 2, which results from adap- 
tation to light 2. We also made a measurement for the 
ES of 580 nm immediately after 15 min adaptation to 
700 nm (state 1). This resulted in an about 18% reduc- 
tion of E S  relative to state 2. 

Fig. 3 shows that background light 2 caused a signifi- 
cant immediate decrease in the photoacoustic signal 
(i.e., increased energy storage) when measured with 
modulated 700 nm light. This demonstrates enhanced 
ES of modulated light 1 by background light 2. The 
effect tended to saturation as light 2 intensity increased, 
while still in the light limiting range for photosynthesis. 
The enhanced ES was calculated, as above, from the 
difference of the signals obtained in the presence of 
photosynthetically saturating background light and in 
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nm for the same sample and the same light 1 (700 nm, roughly 25 btE.m-2-s -1) .  650 nm is in the border-line between light 1 and light 2 (see Fig. 2 
and 5). The curve for 650 nm is drawn according to Eqn. 5a with nearly equal distribution to PS I and PS II ( a / f l  = 0.82). With this value of beta, a 
comparison of the initial slopes for the 650 nm and 580 nm plots supports independently the concept that 580 nm light is mainly distributed to PS 

II (about twice the slope as that for the 650 nm case). Expts. A - D  are for different samples. 



the presence of light 2 background. The saturated value 
of the enhanced ES  was generally about the same as 
that of the ES  obtained with modulated light 2. Fig. 3B 
illustrates two kinds of transient that were very often 
observed. One of them was a small decline in the ES as 
the irradiation with background light 2 continued (see 
also in Fig. 3A). The second was a small after-effect 
when light 2 was turned off (i.e., the ES did not 
immediately relax to the value obtained with light 1 
alone; the complete transition to that value took some 
time). The first transient is perhaps related to a gradual 
decrease of the effectiveness of light 2 (due to partial 
transition to state 2 - indeed it disappears when the 
intensity of light 2 decreases). The second transient is 
probably related to the creation of a reduced pool of 
electron carriers between photosystems I and II during 
irradiation with light 2 allowing P S I  to remain fully 
active with light 1 alone until the pool is oxidized. 

An action spectrum of the maximum enhancement 
by light 2 (580 nm) of the ES in various wavelengths of 
modulated light, is shown in Fig. 4. In this spectrum the 
enhancement of ES by background light 2 is greatest in 
the red ( >  660 nm) and blue (400-480 nm) regions 
where absorption by P S I  predominates. Throughout 
the entire range for modulated light 2 there is no 
enhancement effect at all. Thus such a spectrum is an 
alternative means to accurately define the edges of the 
wavelength ranges for lights 1 and 2. 

Fig. 5 shows several examples of ES enhancement 
saturation curves with light 2 at several wavelengths. 
The curves of Fig. 5A and B (567 and 580 run back- 
ground lights, respectively) show a linear, sharply rising 
light-limited region and a flat, saturated region. The 
linearity and the sharp transition to a plateau have a 
quantitative significance, as will be discussed later. 
Comparing different wavelengths of background light in 
the range of light 2 for their effectiveness in causing ES 
enhancement, it was found that the saturation value 
(i.e., the maximum) enhancement is always nearly the 
same, but the initial increasing phase differed consider- 
ably, from a linear response with maximum slope at 
560-600 nm to gradually lower and lower initial slopes 
and deviation from linearity for longer wavelengths 
(compare Figs. 5A and 5B to Figs. 5C and 5D). 

In remarkable contrast to the enhancement effect of 
background light 2 on the ES measured for light 1, the 
addition of background light 1 did not enhance the ES  
measured for modulated light 2. On the contrary, with 
increasing intensity of light 1 there was initially a lag 
(i.e., a range of intensities which did not produce any 
noticeable effect), while higher intensities caused a sub- 
stantial decrease in the ES, an effect which apparently 
reached saturation when the ES decreased to about half 
of the original value. Fig, 6 summarizes the data in a 
plot of the ES vs. the background light 1 (685 nm) 
intensity. Similar results were obtained with 700 nm as 
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Fig. 6. Effect of background light 1 on ES in modulated light 2. ES 
vs. light 1 intensity. 

light 1. Notice that in the experiment of Fig. 6 light 
intensities eventually exceed the light-limiting range, 
causing the slow drop in ES  at the higher light intensi- 
ties. 

One must notice the contrast between the above 
effect and the response of oxygen evolution, measured 
in light 2, to light 1 addition, which results in enhance- 
ment [2,3]. The difference is significant and is due to the 
fact that contributions to ES  come from both photo- 
systems, while oxygen evolution is determined by the 
state of the reaction centers of PS II alone (cf. Discus- 
sion). 

All the effects reported above must be related to 
changes in the balance of the linear electron flow be- 
tween the two photosystems. Indeed when the thallus 
was treated with DCMU to inhibit linear electron flow, 
the immediate effect was a decrease of the E S  measured 
in light 2 to zero (Fig. 7). However, there was still a 
significant degree of activity retained in light 1 (Fig. 7), 
but no enhancement of that activity by  background 
light 2 (data not shown). If, following the immediate 
inhibiting effect, saturating white light was given, a slow 
process of adaptation to D CMU  occurred in which 
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Fig. 7. The ES spectrum af ter  addi t ion o f  20 p M  D C M U  (compare to 
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treatment. × or ,= - after an elapsion of several minutes while 
exposing the sample to photosynthetically saturating background 
light. ( × - points of measurement from short to long wavelengths; z, 
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photochemical activity in light 2 was partially regained 
(expressed by ES increase) (Fig. 7). Even this induced 
activity is probably related to P S I  since its quantum 
yield spectrum showed a ' red rise' rather than a ' red 
drop'  pattern; the photochemical activity in light 1, 
which initially was almost unaffected by DCMU,  in- 
creased during the adaptation process to twice the level 
obtained without D C M U  (Fig. 7). 

In the above experiments the decision as to whether 
the system was in states 1 or 2 was made by considering 
the dominant type of irradiation given to the sample 
(light 2 or light 1) and its duration. To better assess the 
importance of the state transitions and to learn about 
the characteristics of states 1 and 2, we also performed 
room-temperature modulated fluorimetric measure- 
ments following the method outlined in Ref. 33. An 
example of such measurements is shown in Fig. 8. In 
state 2 (obtained after preillumination with light 2 
alone) the parameters F m (maximum fluorescence) and 
F~ (steady-state fluorescence, as is determined by the 
state of balance in electron flow between the two photo- 
systems) were considerably lower than in state 1 (ob- 
tained after preillumination with light 2 and excess light 
1). The parameter  F o also changed, but only slightly. 
The half-times of the state transitions were in the minute 
range, similar to the observations of Ried and Rein- 
hardt [32]. The fluorescence parameters allowed calcula- 
tion of reaction center openness in Photosystem II, i.e., 
the parameter  f in Ref. 33, here denoted f2 which 
amounted to about 0.6 in state 1 but much closer to 1 
(0.8-0.9) in state 2. (An f2 value of 1 indicates fully 
opened PS II  centers.) 

D i s c u s s i o n  

On first sight energy storage measurements reflec~ 
phenomena previously measured by electron transport  
particularly the relative high efficiency in light 2, the 
low efficiency in light 1 and its enhancement by light 2 
A closer insight, combined particularly with mathemati .  
cal modelling gives, however, special significance to the 
energy storage data, which results in new information 
and also in a numerical description of how excitation is 
distributed. One should note that in contrast to mod- 
ulated oxygen evolution rate measurements, which di- 
rectly reflect both the flux of modulated excitation tc 
PS II and the state of PS II  reaction centers [34], energy 
storage measurements reflect contributions from all 
photosystems (see below). Thus the two types of meas- 
urement are complementary. 

'Blue" and "red" drops and the effect of DCMU-possible 
indication for two types of P S I  units 

The 'b lue '  and ' red '  drops in the extent of energy 
storage (Figs. 1, 2) are mild relative to the reported drop 
in the quantum yield of oxygen evolution [3,7,31]. This 
difference must be accounted for by additional photo- 
chemical activity of light 1 that does not depend on PS 
II  activity. Considering the available possibilities, en- 
ergy storage in light 1 most  probably  reflects cyclic 
electron flow and the accompanying phosphorylation of 
ADP. 

The immediate effect of D C M U  (Fig. 7) is consistent 
with this interpretation, as D C M U  only slightly inhibits 
energy storage in light 1, while completely inhibiting 
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Fig. 8. Fluorescence traces obtained with modulated light 2 (580 nm) showing state 2-state 1 transitions. Thin arrows indicate the switch on 
(upwards) and off (downwards) of background light 1 (710 nm). Thick arrows indicate the effect of strong photosynthetically saturating 
broad-band light (isolated with blue 4-96 Coming filter). Fluorescence was isolated by 680 nm interference filter. Light 1 quenched the fluorescence 
to F o level while the saturating light increased the fluorescence to the F m level. Long adaptation with fight 1 brings a transition to state 1 while 
long adaptation to light 2 brings a transition back to state 2. These data define the fraction of open reaction centers of  PS II, f2, from 

f2 ffi (Fro - F~)/(Fm - Fo), Fs being the steady (slow changing) fluorescence without any background light (see Ref. 33). 



energy storage in light 2. Light 2 alone exhibits maxi- 
mum energy storage in our studies and hence it must 
excite the two photosystems nearly equally for linear 
electron flow (see below). Since all light 2 activity is 
inhibited by DCMU, one concludes that light 2 itself is 
not engaged in any other type of photoactivity besides 
linear electron transport. The logical consequence is 
that the remaining photoactivity in light 1 in presence 
of DCMU results from PS I units that are not normally 
engaged in linear electron transport. 'Continuing this 
logic, this suggests the possibility that there is special- 
ization among two types of PS I unit: (a) P S I  units 
engaged in accepting electrons from PS II but not in 
cyclic electron flow, which receive excitation from PS II 
pigments and hence must be in close proximity to PS II; 
(b) PSI  units engaged exclusively in cyclic electron flow 
that do not receive excitation from PS II. 

With several minutes exposure to strong light, some 
energy storage in light 2 returns while energy storage in 
light 1 approximately doubles (Fig. 7). With the above 
assumption it turns out that this adaptive process creates 
structural changes in the photosynthetic membrane 
which allow the inhibited P S I  units normally engaged 
in linear electron flow to store energy by gaining cyclic 
electron flow while retaining the ability to receive exci- 
tation from PS II by energy transfer. The conversion to 
cyclic flow accounts for the partial recovery of energy 
storage in light 2 with the doubling of energy storage in 
light 1 in the presence of DCMU. 

Quantification of energy distribution from enhancement 
measurements 

Evidence that light 2 is entirely distributed to PS  H in 
state 1 

Considering the above, a simple mathematical model 
can be formulated for the case in which modulated light 
1 is the dominating irradiation and background light 2 
is added briefly to measure its effect on the ES of light 
1 (data of Fig. 5). The starting state is presumably state 
1. In this state background light 2 excites the two 
photosystems in such a way that PS II receives a 
fraction fl and P S I  receives a fraction a of the total 
light 2 excitation absorbed. At low light 2 intensities, 
which are insufficient to achieve the maximum value of 
the ES  enhancement, PS II is excited less than PSI  and 
hence the reaction centers of PS II must be fully opened 
and those of P S I  partially closed. This is reversed at 
light 2 intensities surpassing the point where saturation 
begins (called hereafter the 'balance' point), fl (and a) 
will be determined from the initial phase of the satura- 
tion curve and therefore their values are relevant to a 
situation where PS II reaction centers are fully opened. 
In this initial range of light 2 intensities the balance of 
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electron transport between the two photosystems re- 
quires: 

(#  -- @ETO) I2 = fl[(Ot + dPETO) 12 + a ' i l ]  (1) 

o r  

t l I  2 = f2 (  aI2 + a '  i l )  ( la)  

where 12 is the absorbed intensity of light 2, i 1 the 
absorbed intensity of light 1 (the small letter indicates 
the modulated light throughout), a '  is the fraction of 
light 1 channeled to P S I  units engaged in the linear 
electron flow and fl  is the fraction of open centers in 
that type of PS I unit. It is assumed also (in approxi- 
mate agreement with the 'red' drop in oxygen evolu- 
tion) that light 1 is channeled only to PS I (i.e., that PS 
I units engaged in the cyclic electron flow receive a 
fraction 1 - a '  of light 1). ~EXO is the energy transfer 
probability to P S I  from open PS II reaction centers. 
We substitute fl = fl - ~ETO and a = a + ~EXO for post 
energy transfer distribution ratios. However, since at 
the end of the analysis it will turn out that fl = 1 for a 
typical light 2, hence ~ETO = 0 (since fl cannot be larger 
than 1) there is no distinction between post- or pre- 
energy transfer distribution ratios for the case analyzed. 
Therefore, in the following we will use simply the letters 
ot and fl instead of et and fl with this understanding. 
From Eqn. la, f l  can be determined: 

f l  = f l I 2 / (  al2 + a" i l )  (2) 

f l  increases from zero as 12 increases, f l  is less than 1 
as long as the intensity 12 is less than an intensity (I2)b, 
which is the 12 intensity at the 'balance point' (i.e., the 
minimum intensity that brings a balance between fully 
open PS II and PS I reaction centers and saturates 
enhancement). At the balance point, f l  = 1 and (I2)b is 
solved from Eqn. 2: 

(I2)b = a ' i l / (  fl -- a)  (3) 

As 12 increases further f l  remains equal to 1, hence 
Eqn. 2 is rewritten to cover the whole range of I2: 

f l  ~ i l l 2 / (  a12 + a ' i l  ) for 12 _< ( 12 )b 

/'1 =1 for 12 >_ (12)b (2a) 

For the calculation of ES  we accept that the ES  due 
to several separate photosystems is the sum of contribu- 
tions from each photosystem with proper weighting 
factors, equal to products of the modulated fight distri- 
bution fraction channeled to each photosystem (a  and 
fl), the specific energy storage for each photosystem 
and the fraction of open reaction centers for each 
photosystem. Thus, for an arbitrary photosystem if the 
fraction of light distribution is B, the fraction of open 
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reaction centers is f and the specific maximum energy 
storage from this system is o the ES contribution from 
that system is oSf. We will denote o' the specific 
energy storage in P S I  units engaged in linear electron 
flow, o" the specific energy storage in PS I units 
engaged in cyclic electron flow and a'" the fraction of 
light channeled to them. At limiting light intensities the 
reaction centers of the units engaged in cyclic electron 
flow are assumed to be fully opened. Thus, the ES due 
to modulated light 1 is composed of the ES due to the 
cyclic electron flow - o " a ' -  and the ES due to the 
linear electron flow -o 'a ' f l .  It follows that: 

E S  = o " a "  + o 'o t ' f l I  2 / (  a I  2 + a ' i  x ) for 12 _< I b 

E S  = E S m ~ ,  = o " a "  + o ' a '  for 12 >_ I b (4) 

The enhancement function, E, defined as E S / E S ( I  2 = 
0) is given correspondingly by: 

E = 1 + ( a ' a ' / o " a " ) f l l  2 / / (  etI  2 + a ' i  I ) for 12 < I b 

E = Ema x = l + ~ P a t / / o t ' a  't for 12 > I b (5) 

Hence: 

E = l + ( E m ~ - l ) ( f l [ l z / i l ] / ( a [ 1 2 / i a ] + e t '  ) for I2_< I b (5a) 

Eqn 5a was used to analyze the data of Fig. 5 A-D .  
It is evident from Eqn. 5a that, in general, a complete 
linearity of E vs. I 2 (or I2/ i l )  as shown in Fig. 5 A - C  
can be achieved only if a = 0. In an additional analysis, 
considering possible error in judgment due to the 
scattering of the experimental points, a reciprocal plot 
of ( E -  1) -1 vs. ( I2 / i l )  -1 for the data in Fig. 5 A - C  
was also made. This is expected to be linear under all 
circumstances. From a standard linear regression analy- 
sis of these data with proper weighting factors for 
individual points (points of higher E got more weight- 
ing to compensate for unproportional deviation at low 
E - 1), the ratio a//3 could be obtained from the inter- 
cept on the ( E -  1) -1 axis and then each calculated by 
assuming a +/3 = 1. This gave finally values a = 0 
(hence/3 = 1) for the wavelengths 567 nm (Fig. 5A) and 
580 nm (Fig. 5B). For 620 nm (Fig. 5C) we found 
a = 0.15 (hence/3 = 0.85). On the other hand, the plot 
for background light 650 nm (Fig. 5D) which is nearly a 
border wavelength between light 1 and light 2 (cf. Figs. 
2 and 4) gives a curve with smooth gradual inclination 
towards saturation, as also expected from Eqn. 5a as- 
suming similar values for a and /3. The best theoretical 
curve drawn in Fig. 5D for this case corresponds to 
/3 = 0.55 and a = 0.45. This curve also demonstrates a 
conclusion from Eqn. 3 that as/3 decreases appreciably 
from 1, I b tends to a very high value (e.g., I b tends to 
infinity if/3 = a). 

Calculation of the fraction of P S I  units engaged in linear 
electron flow 

The second parameter which can be obtained from 
the data is ct'. This is achieved by the use of Eqn. 3, 
substituting the experimental ( I2)b/ i  1 and the / 3 -  a 
value from the previous analysis. The values found for 
a '  at two different experiments (Fig. 5A and C) were 
nearly the same (0.41 and 0.46, respectively). Presuma- 
bly, therefore, about 40-45% of PS I units are engaged 
in linear electron flow and about 55-60% in cyclic 
electron flow. 

A more refined analysis (see next paragraph) consid- 
ers that there is probably a loss of PS II quantum 
efficiency in state 1. One therefore should correct the 
above numbers for or' by multiplying them by the 
efficiency factor (about 0.67 - see below). 

Calculation of energy transfer probabilities in state 1 and 
state 2 

As was shown above, in state 1 and with all reaction 
centers of PS II open (achieved with excess light 1) light 
2 (560-600) nm is exclusively absorbed and remains 
entirely in PS II. Thus, there is no energy transfer to PS 
I from open PS II centers in state 1. When light 1 is 
switched off about 40% of PS II reaction centers be- 
come dosed (Fig. 8). Under these conditions the energy 
storage in light 2 is still quite high, hence one must 
assume that P S I  receives excitation from the dosed PS 
II reaction centers. The balanced rate equation with the 
above numbers is: 

0.6 ¢t21) = 0.4 * ~ t  1) (6) 

where t~l and ~2 are the quantum efficiencies for charge 
separation in open P S I  and PS II reaction centers and 
t~E T is the efficiency of energy transfer to P S I  from 
closed PS II reaction centers. The reference to state 1 of 
these parameters is made by the superscript (1). Hence: 

q~l) = 0.67 q,~a) q ~  (6a) 

Assuming that the specific contribution of each photo- 
system to the ES parameter is roughly equal (as also 
indicated in Fig. 6), one obtains, accounting for light 
distribution and efficiency: 

E S  = E S m ~  , (0.6 #61) + 0.4 ,~)r#,[ 1) ) = ESma, ,  0.8 ~ 4t 1) (7) 

(cf. Eqn. 6). 
We find (see Results) that under these conditions (light 
2 in state 1) ES is indeed about 0.8 of the maximum 
(light 2 in state 2). It follows therefore that q)~l) and q)~)r 
must both be equal to about 1 and hence q)~l) is equal to 
0.67. (This lower efficiency explains why PS II reaction 
centers are closed only to the extent of 0.4 rather than 



the full extent of 0.5 required for a true 'spill-over' 
mechanism.) 

Similar arguments will be applied for state 2. In this 
state about 0.9 of PS II centers are open (Fig. 8). Since 
electron transport is nearly optimal one must consider 
either energy transfer to PS I from open PS II reaction 
centers (with efficiency @ETO) or alternatively direct 
light excitation of P S I  by the phycobilins. Considering 
the first case, the balanced rate equation takes the 
following form: 

0.9 (1 - ~,~ro) e#~ 2) = (0.1 ,~-~ +0.9 0 ~ o )  q,~2) (8) 

where the reference to state 2 is made by the superscript 
(2). The equation for E S  is therefore: 

ES = ESma ~ 1.8 (1 - * ~ o )  ,~2) (9) 

Considering Fig. 6, which shows no change of E S  in 
light 2 by addition of light 1 at the low intensity range, 
we may assume that since at the point of balance, where 
all reaction centers of both photosystems are open and 
energy utilization is maximum it is also maximum with 
light 2 alone. State 2 is considered to be most efficient 
also in terms of electron transport. Thus for this state 
we a s s u m e  t~(12) = qb(2 2) = 1 and E S  = ESma x. We therefore 
obtain simplified version of Eqns. 8 and 9 with only 
t~ (2 )  and .¢.(2) ETO VET as unknowns. The solutions for these 

= .-k( 2 ) unknowns follow directly: a,(2) 0.445 and VET = "t" E T O  

0.999. 
Assuming the second case for state 2, namely a 

passive distribution of light by direct absorption in the 
phycobilins (with initial distribution ratios fl and a to 
PS II and PS I, respectively) and no energy transfer 
from open centers of PS II, the balanced rate equation 
is: 

0.9 fl(2) = a(2) + 0.1 ripE T fl(2) (10) 

The equation for E S  is therefore: 

ES = E s , ,  (1.8.B (2)) (11) 

187 

Eqns. 10 and 11 are completely equivalent to Eqns. 8 
and 9 by replacing fl(2) with 1 -  qS~)ETO and a (2) with 
~(2) Since a (2) + fl(2) 1 these two equations yield E T O  • ~-- 

again the same solutions: 13 (2) = 0.555; a (2) = 0.445 and 
¢~)T(2) = 1. The results of all the above calculations, 
including the two possibihties in state 2, are sum- 
marized in Table I. 

It appears that in both possibilities and for open PS 
II reaction centers a fraction (0.445) of light 2 is active 
in PS I. It is thus impossible from the photoacoustic 
data alone to discriminate between energy transfer via 
PS II or direct absorption by the phycobilins by PS I. 
Consideration of fluorescence data for F m, however, 
argues more in favor of the second possibility of pas- 
sive, roughly equal, light 2 distribution in state 2, as the 
first possibility leads to a major inconsistency, as fol- 
lows: considering the first possibility only, since with 
closed PS II centers energy transfer is the dominant 
process (ePET = 1) one may approximately write F m = 
k F / k  t for both states 1 and 2, where k F and k t are the 
excited state decay rate constants for fluorescence and 
energy transfer, respectively. Fig. 8 shows that the ratio 
F m (state 2 ) / F  m (state 1) is about 0.7, indicating that k t 
in state 1 is 0.7 that of k t in state 2, bearing in mind 
that k F is invariant. However, this small reduction in k t 

is not enough to explain the drastic change of the 
energy transfer yield, ¢ETO, from about 0.445 (state 2) 
to zero (state 1). The energy transfer yield probability 
for open reaction centers is approximately k t / / ( k  t + kp), 
where kp is the rate constant for photochemistry. From 
the above, k t in state 2 is estimated to be about 0.8 of 
kp and hence k t in state 1 is about 0.56 of kp, leading 
to an energy transfer yield for open reaction centers in 
state 1 of about 0.36, clearly in gross contradiction to 
our data indicating zero energy transfer. 

Considering the lower efficiency of t~ (2) in state 1 the 
previous analysis on the light distribution in state 1 
should be modified by replacing fl with ~(21)fl, starting 
from Eqn. 1. In this case the quoted numbers for the 
ratio a / f l  should be applied to a/ep~l)fl. The conclusion 
that a = 0 in light 2 does not change, evidently. A more 
serious correction should be applied to the estimation of 

TABLE I 

Light distribution to PS  I I  (fl) and probabilities of  energy transfer to P S I  (e#er and ¢kEro) 

State I State 2 

fl CFro e f t  fl ETO ~ ET 

Porphyridium cruentum 
Ley and Butler [12] 1 0.48 = 1 1 

Porphyra perforata (~Y 0.55 
This work 1 0 (~1 1 

0 

0.45 

0.61 

=1 
--1 

=1 

a More favored possibility. 
b Less favored possibifity (see text). 
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a ' ,  since this depends on f l - e t  (Eqn. 3) which should 
be replaced by q~t21~ fl - e t .  In the analyzed case, a = 0, 
hence the former values for a '  should be multiplied by 
q~21~ (.--- 0.67). 

The effect of background light 1 on the ES in modulated 
light 2 

The above estimations are approximately consistent 
with the drop in the ES of light 2 (in state 2) by 
background light 1 in the higher intensities range above 
a threshold (Fig. 6). This presumably reflects partial 
inhibition of energy storage of light 2 by closure of P S I  
reaction centers. Hence this phenomenon indicates in- 
dependently that a considerable fraction of light 2 
(roughly half) is channeled irreversibly to PS I, while 
presumably PS II reaction centers are fully opened. The 
contribution to the total ES from this fraction of light 2 
diminishes gradually to zero as PS I becomes progres- 
sively closed. It should be noted that in the higher 
intensity range of this experiment there is probably 
some further contribution to the decrease of ES due to 
partial approach to photosynthetic saturation. 

In contrast to this phenomenon, which is peculiar to 
energy storage measurements, is the positive Emerson 
enhancement in oxygen evolution exerted by non mod- 
ulated light 1 on modulated light 2, as is usually ob- 
served. This is because the observed modulated rate 
depends on the degree of openess of PS II reaction 
centers which increase upon light 1 addition. As noted 
above, ES depends on the state of reaction centers of 
both PS I and PS II. 

Summing up 

The above analysis represents most direct evidence, 
applicable to physiological conditions, that in state 1 
and when PS II reaction centers are fully opened (in the 
presence of excess background light 1) light 2 absorbed 
by the phycobiliproteins is directed exclusively into PS 
II and is not transferred to PS I. However, light 2 still 
shows appreciable energy storage activity in state 1 
(82% relative to state 2) immediately when light 1 is 
switched off, which points to an immediate redistribu- 
tion of excitation by energy transfer. Indeed, under 
these conditions PS II reaction centers become closed 
due to the initial imbalance of excitation and energy 
transfer can occur from closed PS II reaction centers. 
The extent of closure is controlled by the final achieve- 
ment of balanced excitation of the two photosystems. 
This is a true 'spill-over' mechanism in the original 
sense (9). One can calculate that ideally an even distri- 
bution by the 'spill-over' mechanism is reached when 
the reaction centers of PS II are closed to an extent of 
50%, provided that the energy transfer efficiency from a 
closed reaction center is 1. This is indeed consistently 
close to the fluorescence data for state 1 (Fig. 8) show- 

ing an extent of PS II reaction centers closure of about 
38%. In state 2, light 2 is essentially distributed equally 
to the two photosystems (maximum energy storage) for 
open PS II reaction centers. The fluorescence data (Fig. 
8) indeed show that the reaction centers of PS II are 
mostly open, indicating no drive for their closure that 
would be otherwise created in a state of imbalance. This 
is also seen from the effect of light 1 to decrease the 
energy storage of light 2 to about half (Fig. 6). 

Possible relevance to other work 

It appears, therefore, that in both states with light 2 
alone there are energy transfer interactions leading 
ultimately to equal excitonic distribution. However, this 
is achieved in two different ways: in state 1 by energy 
transfer from closed PS II reaction centers only and in 
state 2 by either direct excitation of P S I  from the 
phycobilisomes (the more favorable assumption) or as a 
result of increased PS I I -PS  I interaction enabling 
energy transfer to PS I to compete almost equally with 
energy transfer to an open PS II reaction center (the less 
favorable assumption). The interaction between the 
photosystems in state 1 is such that energy transfer to 
PS I cannot compete well with energy trapping at an 
open PS II reaction center but competes successfully in 
closed reaction centers with both radiative and radia- 
tionless transitions. These conclusions are at variance 
with Ley and Butler [12], as mentioned in the Introduc- 
tion. A comparison between their and our conclusions is 
given in Table I. 

It is interesting to note the smaller energy-storage, of 
light 2 alone, in state 1 relative to state 2 (by about 
18%). In our analysis this is traced to a significant 
inherent loss of PS II efficiency for electron transport in 
open reaction centers. This conclusion is consistent with 
a smaller extent (0.38) of reaction center closure in state 
1 than expected in an ideal case (0.5). One should not 
confuse, however, the above inefficiency with the over- 
all smaller efficiency for oxygen evolution of higher 
plants in state 1 relative to state 2 [35]. The smaller 
efficiency there is traced to the imbalance of the photo- 
systems and the resulting closure of PS II reaction 
centers, which is not compensated, as here, by energy 
transfer to PS I. More relevant perhaps is the work of 
Williams and Salamon [36] on oxygen evolution en- 
hancement measurements in Chlorella which were gen- 
erally interpreted by changes in inherent quantum yields 
of the photosystems. Reexamination of their B-type 
signals may lead to a similar interpretation as here and 
explained by a simultaneous increase in fl in the transi- 
tion to state 1 compensated by a loss of quantum 
efficiency in PS II. 

Previous observations on Porphyra perforata [37] can 
partly be integrated in terms of the present model. The 
PS I emission changes seen at cryogenic temperatures 



[37] could be rationalized by small differences in PS 
I I -PS  I energy transfer probabilities from closed reac- 
tion centers in states 1 and 2. The increased activity of 
light 2 in state 2 for cytochrome oxidation in presence 
of DCMU is also due to somewhat increased probabil- 
ity of energy transfer from a closed reaction center. The 
increased activity in state 1 for fluorescence induction 
results from a combination of about 2-fold higher exci- 
tation rate in PS II compensated partly by the previ- 
ously mentioned decrease of PS II efficiency. The 
changes in PS II emission are too extensive to explain 
by changes in energy transfer. They could be partly due 
to changes in structure leading to changes in the radia- 
tionless decay constant. * 

A further conclusion from this work is that of P S I  
specialization - different PS I units have different func- 
tions (cyclic phosphorylation; linear electron flow). This 
conclusion may be general for phycobilisomes contain- 
ing algae. It is interesting to note a consistency with the 
low stoichiometric ratios of PS I I / P S  I between 0.2 and 
0.7 (depending on ambient illumination) found in 
cyanobacteria [38,39]. It is quite tempting to interpret 
our value of the fraction of P S I  units involved in linear 
electron flow (i.e., a ' )  in terms of the above stoichio- 
metric ratio, by assuming that each P S I  unit associated 
with linear electron flow is attached to a PS II unit in a 
1 :1  ratio. According to the original previous analysis 
the average a '  is about 0.43. Taking into account the 
reduction in PS II activity (i.e., ~2fl--0.67 for light 2, 
a = 0) the use of Eqn. 3 would give a ' - -0 .29 .  This 
number is within the common range found for PS 
I I / P S  I stoichiometry [38,39]. 
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