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The I-D dip, an early transient of the fluorescence induction, was examined as a means to monitor redox 
changes of plastoquinone in cells of a cyanobacterium, Synechococcus sp. That the occurrence of the dip 
depends upon the reduced state of the plastoquinone pool was indicated by observations that 
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone and 3-(3,4-dichlorophenyi)-l,l-dimethylurea did not affect 
the initial rise to I but abolished the subsequent decline from I to D and that illumination of the cells with 
light 1, prior to fluorescence measurements, eliminated the transient. The I-D dip was prominent in freshly 
harvested cells containing abundant endogenous substrates, disappeared slowly as the cells were starved by 
aeration but reappeared on addition of fructose to the starved cells in the dark. The dip that had been induced 
by a brief illumination of the starved cells with light 2 was rapidly diminished in the dark and KCN inhibited 
the dark decay of the transient. The results indicate that plastoquinone is reduced with endogenous as well as 
exogenous substrates and oxidized by a KCN-sensitive oxidase in the dark, thus providing strong support for 
the view that plastoquinone of photosynthetic electron transport also functions in respiration, in addition, the 
occurrence of a cyclic pathway of electrons from Photosystem I to plastoquinone, possibly via ferredoxin or 
NADP, was suggested. Several lines of evidence indicate that, under a strong light 2, Photosystem 
i-dependent oxidation of plastoquinone predominates over Photosystem II-dependent reduction of the 
quinone in the cyanobacterium which contains Photosystem I more abundantly than Photosystem If. 

Introduction 

Lipophilic quinones carrying isoprenoid side 
chains play an important role as a carrier of 
electrons and protons in membrane-bound 
energy-conservation systems. Higher plants and 
algae contain two major physiological quinones in 
different cell compartments specialized in photo- 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethyl- 
urea; DBMIB 2,5-dibromo-3-methyl-6-isopropyl-p-benzo- 
quinone; PS, photosystem; Hepes, N-2-hydroxyethylpipera- 
zine-N'-2-ethanesulfonic acid. 
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synthesis and respiration. Plastoquinone is the 
functional quinone in electron transport of chloro- 
plasts, whereas mitochondria contain ubiquinone 
as an intermediate of the respiratory chain. 

Cyanobacteria (blue-green algae) which carry 
out plant-type oxygenic photosynthesis contain 
plastoquinone, vitamin K-1 and other minor 
quinones but no ubiquinone [1-3]. The question 
arises as to which quinone present in cells is 
involved in respiration of cyanobacteria. Peschek 
[3] has suggested that vitamin K-1 is the main 
respiratory quinone in Anacystis nidulans, because 
the quinone restored respiratory activities of pen- 
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tane-extracted particles isolated from the cells. 
However, the restoration was not specific to vita- 
min K-l: A significant reactivation of the lost 
activities was observed on addition of plas- 
toquinone [3]. 

Eisbrenner and Bothe [4] have shown that 
DBMIB inhibits the Knallgas reaction and light- 
induced C2H 2 reduction of intact filaments and 
H2-dependent C2H 4 formation in heterocysts of 
Anabaena cylindrica to the same extent. Since 
DBMIB is an inhibitor of plastoquinone oxidation 
[5] and blocks photosynthetic electron transport in 
chloroplasts more strongly than respiration in 
mitochondria [6,7], they proposed that plas- 
toquinone is a common intermediate of photo- 
synthesis and respiration [4]. In other cyanobac- 
teria, however, respiratory activities are signifi- 
cantly more resistant to the poison than light-in- 
duced electron transport [8,9]. 

The role of plastoquinone in a cyanobacterium, 
Synechococcus sp., was more explicitly demon- 
strated by Hirano et al. [8] who monitored the 
redox state of the quinone in situ by measuring 
reduction kinetics of flash-oxidized cytochrome 
having the a-band maximum at 553 nm. The ob- 
servations that the cytochrome reduction was 
slowed down by the starvation of cells but accel- 
erated by the addition of substrates, such as fruc- 
tose and glucose or an inhibitor of respiration, 
KCN, strongly suggest that plastoquinone is 
reduced with respiratory substrates and oxidized 
by a KCN-sensitive oxidase. 

Another kinetic approach in monitoring redox 
changes of plastoquinone in Synechococcus cells is 
presented in this work. An early transient of the 
fluorescence induction, the I-D dip [10-15], was 
employed to determine the redox state of the 
quinone in situ. An advantage of the fluorescence 
method over the repetitive flash spectroscopy used 
for the determination of cytochrome kinetics is 
that the redox state of the quinone can be 
determined much more quickly, thus enabling us 
to measure kinetics of plastoquinone changes in 
the second to subsecond time range. Oxidation 
and reduction of plastoquinone during illumina- 
tion of PSI  and PS II, as well as in the dark, were 
analyzed. The results strongly support the view 
that plastoquinone is a common link between pho- 

tosynthetic and respiratory electron transport in 
the cyanobacterium. 

Materials and Methods 

The thermophilic cyanobacterium, Synechococ- 
cus sp., was grown photoautotrophically at 55°C 
for 24 h as described previously [8,16]. Cells were 
harvested by centrifugation and suspended in a 
fresh growth medium containing 25 mM Hepes- 
NaOH (pH 7.5) at about 10 ~g chlorophyll /ml for 
fluorescence measurements. Fluorescence was 
excited with broad-band red light (570-620 nm) 
which passed through a water filter of 4 cm thick- 
ness, a Toshiba V-O 57 cut-off filter and a Vacuum 
Optics DM filter and was measured by a photo- 
multiplier (Hamamatsu TV. R236) through a V-R 
67 cut-off filter and an interference filter with 
maximum transmission at 688 nm. The intensity of 
the excitation light was 1.9.105 e rg . cm - 2 . s  t. 
Signals were stored in a Rikendenshi TCCD 2000 
transient converter and displayed on a Hitachi 
056-1001 recorder. Where indicated, the cells were 
illuminated, prior to fluorescence measurements, 
with 620 nm light of 1.2 • 104 erg. cm -2- s-~ which 
is mainly absorbed by phycobilins (light 2), or 430 
nm light of 5.103 erg. cm -2.  s-1 which preferen- 
tially excites chlorophyll a (light 1). Appropriate 
combinations of cut-off and interference filters 
were used to obtain the two monochromatic light 
beams. Light sources were Nikon microscope il- 
luminators with a 100 W halogen lamp. All experi- 
ments were carried out at 55°C. 

Results 

The I-D dip 
Time courses of the fluorescence induction in 

freshly harvested cells of Synechococcus sp. are 
shown in Fig. 1. Illumination with strong red light 
induced a rapid rise to a high level I, then a quick 
drop to a low level D, followed by slower changes 
(trace a). The early transient has been reported in 
various algae [10-13] and intact chloroplasts iso- 
lated from spinach [14] and a green alga [15] and 
has been designated the I-D dip by Munday and 
Govindjee [11]. The dip was prominent in algal 
cells which had been incubated for long periods 
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Fig. 1. Fluorescence induction in freshly harvested cells. After 
24 h of growth, cells were collected by centrifugation and 
suspended in a growth medium containing 25 mM Hepes-NaOH 
(pH 7.5). For the fluorescence measurement, cells were kept at 
55°C by circulating heated water through a water jacket of 
cuvettes and were illuminated with broad-band red light 
(570-620 nm) of 1.9.10 ~ erg.cm-Z.s -1. a, no addition; b, 10 
/~M DBMIB and 5 mM ascorbate; c, 10 ~M DCMU. 

under  dark  anaerobic  condi t ions  [12,13] or in in- 
tact  ch loroplas t s  which had  been t reated with di- 
th ioni te  and  i l lumina ted  brief ly [14,15]. These 
t rea tments  accumula te  the reduced  form of  sec- 
o n d a r y  e lect ron acceptors  of  PS II. The fluores- 
cence yield is de te rmined  by  the redox state of Q, 
the electron acceptor  of  PS II  [17], which in turn is 
con t ro l led  by a ba lance  between its reduct ion  by 
PS II and  its ox ida t ion  by  the p las toqu inone  pool.  
Thus,  the ini t ial  rise to I indicates  a rap id  reduc-  
t ion of  Q due to the absence of  e lectron t ransfer  to 
the p la s toqu inone  pool  present  in the reduced 
state.  The subsequent  d rop  f rom I to D arises as 
p l a s toqu inone  is oxidized by electron t ranspor t  to 
PS I. 

In cont ras t  to algae, the dip  was most  marked  
when the cyanobac t e r ium had been kept  for a long 
pe r iod  in the light. Thus, the t ransient  was pro-  
nounced  in freshly harvested cells but  gradual ly  
d i s appea red  as the cells were left in the dark.  
Nevertheless ,  the mechanism under ly ing  the fluo- 
rescence t ransient  is essent ial ly the same as that 
for the I -D  dip in the dark  anaerobic  cells of algae. 
D B M I B  which inhibi ts  electron t ranspor t  from 
p las toqu inone  to P S I  [5] did not  affect the initial  
rise to I but  replaced the subsequent  d rop  from I 
to D by an increase to the s teady-s ta te  level (trace 
b). The poison was added  with an excess of  
ascorba te  to e l iminate  the quenching effect of its 
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Fig. 2. Disappearance of the I-D dip in light 1, (A) Freshly 
harvested cells were illuminated with 430 nm light (5.103 
erg.cm-2, s-a) for the indicated periods prior to the fluores- 
cence measurement. The duration of illumination was varied 
with a camera shutter. (B) After illumination for 1 s, cells were 
kept in the dark and the fluorescence transient was determined 
at the indicated times. Different time scales were used in A and 
B. Other experimental conditions were as described in Fig. 1. 
Open circles, heights of I. Closed circles, magnitudes of the I-D 
drop. 

oxidized form. The I level was elevated and the 
I -D  drop  was abol i shed  in the presence of  D C M U ,  
an inh ib i tor  of e lectron t ranspor t  from Q to 
p l a s toqu inone  (trace c). The I level was not  af- 
fected by D C M U  in ceils which exhibi ted a more  
p rominen t  dip. The results indicate  that  a signifi- 
cant  par t  of  the p las toqu inone  pool  is present  in 
the reduced state and that  the I -D drop  is due to 
the qu inone  oxida t ion  by PS I. A slow fluores- 
cence increase in the presence of  D C M U  has been 
observed previously  in A. nidulans and related to a 
change  in the exci ta t ion energy dis t r ibut ion  [18]. 

Effect of light 1 
Fig. 2 presents  more  evidence for the depen-  

dence of the I -D  dip  on the reduced state of  the 
p l a s toqu inone  pool .  The cells, freshly harvested,  
were i r rad ia ted  with 430 nm light for different  
lengths  of  t ime and the f luorescence t ransient  was 
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Fig. 3. Disappearance of the I-D dip during dark starvation 
cells. Freshly harvested cells were aerated in the dark at 55°C. 
Other experimental conditions were as in Fig. 1. Open circles, 
heights of I. Closed circles, magnitudes of the I-D drop. 

determined within 1 s after the light was turned 
off. Plastoquinone is expected to be oxidized by 
the illumination with the 430 nm light, which 
mainly excites chlorophyll a. It can be seen that 
the height of I decreased rapidly to reach a con- 
stant level within 0.2 s of the illumination. The 
magnitude of the I-D drop was reduced in parallel. 
The I level and the I-D drop were partially res- 
tored in the dark. Thus, the height of I and magni- 
tude of the fluorescence decrease from I to D are 
both correlated with the reduced state of the 
plastoquinone pool, 

Dark starvation of cells 
Fig. 3 shows that the I-D dip also disappeared 

when the cells had been aerated in darkness. A 
slow decrease in the ! level in the dark has been 
observed previously by Mohanty and Govindjee 
[18]. Hirano et al. [8] have found that the reduc- 
tion kinetics of flash-oxidized cytochrome c-553 
were gradually slowed down in parallel with lower- 
ing of endogenous respiration during the dark 
aeration of Synechococcus cells. They suggested 
that plastoquinone is reduced with endogenous 
substrates and the oxidized form of the quinone 
accumulates only after an extensive starvation of 
the cells. The extremely slow disappearance of the 
fluorescence transient is compatible with this ex- 
planation. A few hours of dark aeration were 
needed to eliminate the I-D dip in the organism 
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Fig. 4. Fluorescence induction in starved cells. Cells were 
starved by aeration in the dark at 55°C. In this experment, 1 h 
of dark aeration was sufficient to diminish the I-D dip as 
shown in a. The starved cells were incubated for 5 s in darkness 
with 20 mM fructose (b) or 1 mM KCN (c). Other conditions, 
see Fig. 1. 

employed here. The dark restoration of the dip 
observed after illumination with light 1 also sug- 
gests the reduction of plastoquinone with a re- 
ductant present in the cells. 

Effects of fructose and KCN 
The reduction of plastoquinone with a re- 

ductant was more directly demonstrated by adding 
a substrate of respiration to the starved cells. 
Fig. 4 shows the kinetics of the fluorescence induc- 
tion in starved cells, The fluorescence yield re- 
mained at a low level without showing any signifi- 
cant transient feature, indicating that Q was mostly 
kept in the oxidized state during illumination (trace 
a). Fructose serves as a substrate for respiration of 
the organism [8]. The incubation of starved cells 
with the sugar for 5 s in darkness induced an 
appreciable extent of the 1-D (trace b). 

The fluorescence transient also appeared after 
the incubation of starved cells with KCN which 
inhibits respiration of the organism [8]. Our inter- 
pretation is that plastoquinone is slowly reduced 
with a residual level of endogenous substrates on 
the one hand and is oxidized by the respiratory 
chain with 02 as electron acceptor on the other in 
the starved cells. Thus, the inhibition of the termi- 
nal oxidase of respiration by KCN results in a 
reduction of plastoquinone. The KCN effect can- 
not be ascribed to inactivation of plastocyanin, 
because the copper protein is absent from Syn- 
echococcus cells [ 19]. 

The time courses of changes in the I level and 
the magnitude of the I-D drop in the presence of 
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Fig. 5. The time course of the development of the I-D dip in the 
presence of fructose and KCN and the subsequent disap- 
pearance of the transient in light 1. Cells starved for 3 h were 
incubated with 20 mM fructose and 1 mM KCN in the dark 
(A), and after steady-state levels were attained light 1 was 
turned on as in Fig. 2B. Open circles~ heights of I. Closed 
circles, magnitudes of the I-D drop. Other conditions, see 

Fig. 1. 

fructose and KCN are illustrated in Fig. 5. The 
I -D dip was fully developed after 30 s of incuba- 
tion. The subsequent illumination with light 1 
eliminated the dip quickly and completely. We 
conclude that the endogenous substrate and PS I 
affect the same pool of plastoquinone. Thus, the 
substrate donates electrons to P S I  via plas- 
toquinone. 

Dark oxidation of plastoquinone 
The above observation that the dip could be 

induced by the incubation of starved cells with 
KCN suggests plastohydroquinone oxidation by 
the respiratory oxidase. However, the data may 
also be explained in terms of competition for a 
common reductant between plastoquinone and the 
oxidase: The reductant that may be produced 
slowly from endogenous substrates is mostly con- 
sumed by respiration but is able to reduce plasto- 
quinone when respiration is blocked with KCN. 
The following experiments were undertaken to ex- 
amine whether or not plastoquinone is indeed 
oxidized in the dark in a KCN-sensitive way. 
Starved cells were employed to minimize inter- 
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Fig. 6. The development of the I-D dip in light 2. Cells starved 
for 3 h were illuminated with 620 nm light (1.2- 104 erg .cm 2. 
s -~) for the indicated periods prior to the fluorescence mea- 
surement. Other conditions, see Fig. 1. Open circles, heights of 
I. Closed circles, magnitudes of the I-D drop. 

ference by endogenous substrates and plas- 
toquinone was reduced by brief illumination with 
light 2. 

Effects of light 2 on the development of the I-D 
dip were first studied (Fig. 6). The cells were 
irradiated with 620 nm light for the indicated 
periods, then the second illumination was given to 
measure the fluorescence transient with a 1 s dark 
interval in between. The illumination with light 2 
induced a marked increase in the I level. Note that 
the increase in the height of I far exceeded the 
magnitude of the I-D drop. This indicates that 
light 2 caused an additional fluorescence increase 
which cannot be ascribed to redox changes of Q 
but may be related to the slow fluorescence in- 
crease observed in the present of DCMU (see 
Fig. 1). The extent of plastoquinone reduction was 
therefore monitored by the magnitude of the I-D 
drop. It can be seen that quinone reduction pro- 
ceeded slowly in light 2. More than 15 s of il- 
lumination were required to attain the maximum 
extent of the transient. 



312 

35 

.~30 

"6 
H 

o 
25 

U. 

, 

_o 5 

I 

I - D  

v 1 [ 

0 3 G 9 12 15 
Dark Interval (s) 

Fig. 7. The postillumination changes of the I-D dip. Cells 
starved for 3 h were illuminated for 5 s with light 2 as in Fig. 6 
and the I-D dip was determined after varied periods of the dark 
interval. Open circles and triangles, heights of I determined in 
the absence and presence of 1 mM  KCN, respectively. Closed 
circles and triangles, magnitudes of the I-D drop determined in 
the absence and presence of KCN, respectively. 

The dark oxidation of plastoquinone photore- 
duced by the illumination with light 2 for 5 s was 
determined by varying the duration of the dark 
interval between the first actinic and the second 
measuring illumination (Fig. 7). Unexpectedly, the 
I-D dip was still insignificant immediately after 
cessation of the first illumination but grew rapidly 
in the dark. Thus, light 2 is quite ineffective in 
photoreducing plastoquinone. However, the il- 
lumination seems to accumulate a reductant for 
the quinone. The dark growth of the dip was 
enhanced when KCN had been added just before 
the first illumination. The postillumination growth 
ceased after 2 s, presumably reflecting a small 
quantity of the reductant produced during the first 
illumination. Then, the I-D dip decreased rapidly. 
This shows that dark oxidation of plastoquinone. 
The half-time of the dark decay was about 3 s and 
the dip disappeared completely l0 s after cessation 
of the first illumination. The dark decay of the I-D 
dip was sensitive to KCN. Although the inhibition 
was not complete, a significant magnitude of the 

fluorescence transient occurred persistently after 
prolonged dark intervals in the presence of the 
poison. 

Discussion 

Role of plastoquinone 
The present work demonstrates that the I-D dip 

is a good measure of the redox state of plas- 
toquinone in situ. The I-D dip occurs at the earliest 
stage of the fluorescence induction and is com- 
pleted within a small fraction of 1 s with the 
intense excitation light used. Thus, slower fluores- 
cence transients due to changes in the energy state 
of the thylakoid membranes or the excitation 
transfer between the two photosystems (see Ref. 
20 for a review) should not significantly interfere 
with monitoring the redox state of the quinone 
through the I-D dip. 

The I-D dip senses the plastoquinone pool, 
which accepts electrons from Q and then gives 
them to PSI .  The findings that the dip induced by 
a brief illumination with light 2 disappeared 
quickly in the dark and that the dark decay of the 
transient was suppressed by KCN strongly sug- 
gest, therefore, that the plastoquinone pool func- 
tioning in photosynthesis is oxidized through the 
terminal oxidase of respiration. The dark oxida- 
tion of plastoquinone proceeded much more slowly 
than did PS I-dependent oxidation of the quinone. 
This is compatible with the previous observation 
that the rate of dark respiration is only a few 
percent of that of photosynthetic electron trans- 
port [8]. 

Various organic and inorganic compounds 
donate electrons to PS I in cyanobacteria 
[3,4,21,22]. The participation of plastoquinone in 
this span of electron transport was clearly demon- 
strated by the appearance of the dip on addition 
of fructose to starved cells and the subsequent 
disappearance of the transient under illumination 
with light 1. 

The I-D dip was prominent in Synechococcus 
cells that had been illuminated for long periods. 
This is explained in terms of plastoquinone reduc- 
tion with endogenous substrates photosyntheti- 
cally produced. On the other hand, the dip was 
promoted by prolonged incubation of cells under 



dark anaerobic conditions in eukaryotic algae 
[12,13]. This also implies that plastoquinone is 
slowly reduced with an endogenous reductant and 
oxidized with O 2 in the thyalkoid membranes, 
which are separated from mitochondria by the 
outer limiting membrane (envelope). These dark 
redox changes of electron carriers between the two 
photosystems would deserve more attention from 
the viewpoint of the symbiotic hypothesis, which 
assumes an ancestor of cyanobacteria as the origin 
of the contemporary chloroplasts [23]. 

The I-D dip provides only qualitative informa- 
tion concerning the redox state of the plas- 
toquinone pool. More quantitative analyses of the 
pool are in progress. However, as the fluorescence 
transient senses the reduced state of the pool from 
the PS II side, the results are complementary to 
those obtained from kinetic studies of cytochrome 
c-553 reduction which view the pool from the PSI  
side [8]. The agreement between the previous and 
present study tends to suggest that the plas- 
toquinone pool functioning in photosynthesis is 
entirely shared by respiration. A previous work 
has shown that plastoquinone serves as a mobile 
electron carrier through the fluid hydrophobic ma- 
trix of the thylakoid membranes [24]. 

Effects of light 2 
Light 2 was found to exert complex effects on 

the redox state of plastoquinone. Illumination of 
the starved cells with light 2 was quite ineffective 
in accumulating plastohydroquinone. This con- 
trasts with the rapid and complete oxidation of the 
quinone in light 1. On the other hand, the fluores- 
cence induction determined in the presence of 
DBMIB indicates that plastoquinone could be re- 
duced rapidly by PS II (see Fig. 1). The interpreta- 
tion is that plastoquinone is reduced by PS II but 
P S I  functions to keep the quinone in the oxidized 
state even in light 2. The occurrence of the I-D dip 
is an indication of the operation of PS I  in light 2, 
because the light used for the fluorescence excita- 
tion is mainly absorbed by phycobilins. Q was 
kept mostly in the oxidized state in the starved 
cells under the excitation illumination (Fig. 4a). 
Thus, strong light 2 acts as if it were light 1 in 
respect to the steady redox state of Q and plasto- 
quinone in the cyanobacterium. 
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It is known that in cyanobacteria the reaction 
center of PS I is more abundant than the reaction 
center of PS II [25,26]. The organism employed 
here shows a ratio of about three P S I  reaction 
centers to one PS I1 reaction center [19]. The PS 
1-dependent oxidation of plastoquinone may 
surpass its reduction by PS II in strong light 2 
when a significant portion of the excitation energy 
is directed to the PS I reaction center through the 
spillover from the pigments of PS II and the rate 
of electron transfer from plastoquinone to cyto- 
chrome f is sufficiently high. The plastoquinone 
oxidation that is the rate-limiting reaction of pho- 
tosynthetic electron transport seems to proceed 
much more rapidly in the cyanobacterium than in 
higher plants and algae. Hirano et al. [24] have 
shown that the half-reduction time of cytochrome 
c-553 with electrons from plastoquinone is less 
than 2 ms at physiological temperatures for the 
thermophilic cyanobacterium [24]. 

Rapid reduction of plastoquinone occurred im- 
mediately after the illumination with light 2. This 
suggests the production of a reductant during the 
illumination. Postillumination reduction was seen 
to an enhanced extent in the presence of KCN. 
Because KCN inhibits the CO 2 reduction, the oc- 
currence of postillumination reduction in the poi- 
soned cells indicates that the reductant produced 
by light 2 is not a product of photosynthetic CO 2 
fixation. Instead, the results suggest the operation 
of a cyclic pathway of electrons: plastoquinone 
reduction with products of photosynthetic electron 
transport, such as reduced ferredoxin or NADPH. 

Acknowledgements 

The authors thank Professor Jack Myers for 
helpful discussion during the preparation of the 
manuscript. The present work was supported in 
part by a grant from the Toray Science Founda- 
tion and by Grants-in-Aid for Scientific Research 
from the Ministry of Education, Science and Cul- 
ture, Japan to S.K. 

References 

1 Henninger, M.D., Bhagavan, H.N, and Crane, F.L. (1965) 
Arch. Biochem. Biophys. 101, 171-180 



314 

2 Carr, N.G. and Hallaway, M. (1966) in Biochemistry of 
Chloroplasts (Goodwin, T.W., ed.), pp. 159-163, Academic 
Press, London 

3 Peschek, G.A. (1979) Biochim. Biophys. Acta 548, 187-202 
4 Eisbrenner, G. and Bothe, H. (1979) Arch. Microbiol. 123, 

37-45 
5 B~hme, H., Reimer, S, and Trebst, A. (1971) Z. Natur- 

forsch. 26b, 341-352 
6 Loschen, G. and Azzi, A. (1974) FEBS Lett. 41, 115-117 
7 Siedow, J.N., Huber, S.C. and Moreland, D.E. (1979) Bio- 

chim. Biophys. Acta 547, 282-295 
8 Hirano, M., Satoh, K. and Katoh, S. (1980) Photosynth. 

Res. 1, 149-162 
9 Houchins, J.P. and Burris, R.H, (1981) Plant Physiol. 68, 

712-716 
10 Kautsky, H. and Appel, W.C. (1960) Biochem. Z. 332, 

277-292 
11 Munday, J.G,, Jr. and Govindjee (1969) Biophys. J. 9, 1-21 
12 Schreiber, U. and Vidaver, W. (1974) Biochim. Biophys. 

Acta 368, 97-112 
13 Schreiber, U. and Vidaver, W. (1975) Biochem. Biophys. 

Acta 387, 37-51 
14 Jennings, R.C. and Forti, G. (1975) Biochim. Biophys. Acta 

396, 63-71 
15 Satoh, K. and Katoh, S. (1981) Plant Cell Physiol. 22, 

11-21 

16 Yamaoka, T., Satoh, K. and Katoh, S. (1978) Plant Cell 
Physiol. 19, 943-954 

17 Duysens, L.N.M. and Sweers, H.E. (1963) in Studies on 
Microalgae and Photosynthetic Bacteria, pp. 353-372, Uni- 
versity of Tokyo Press, Tokyo 

18 Mohanty, P. and Govindjee (1973) Plant Cell Physiol. 14, 
611-629 

19 Aoki, M., Hirano, M., Takashi, Y. and Katoh, S. (1982) 
Plant Cell Physiol., in the press 

20 Lavorel, J. and Etienne, A.J. (1977) in Primary Processes of 
Photosynthesis (Barber, J., ed.), pp. 203-268, Elsevier, 
Amsterdam 

21 Murai, T. and Katoh, T. (1975) Plant Cell Physiol. 16, 
789-797 

22 Padan, E. (1979) Annu. Rev. Plant Physiol. 30, 27-40 
23 Margulis, L. (1970) Origin of Eukaryotic Cells, Yale Uni- 

versity Press, New Haven 
24 Hirano, M., Satoh, K. and Katoh, S. (1980) Biochim. Bio- 

phys. Acta 635,476-487 
25 Kawamura, M., Mimuro~ M. and Fujita, Y. (1979) Plant 

Cell Physiol. 20, 697-705 
26 Myers, J., Graham, J.-R. and Wang, R.T. (1980) Plant 

Physiol. 66, 1144-1149 


