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Summary 

Dark luminescence, defined as the ability of completely relaxed (dark- 
adapted) photosynthetic systems to emit light, has been studied in Chlorella. 
Three main effects have been demonstrated. 3-(3 ,4-Dichlorophenyl)-l ,1- 
dimethylurea elicits a weak emission L D of very long lifetime (several minutes); 
it is believed to result from a negative shift of redox potential of the secondary 
System II electron acceptor B producing in some centers a state Q- (reduced 
primary acceptor), as postulated by Velthuys and Amesz ((1974) Biochim. 
Biophys. Acta 333, 85--94), which can recombine with an oxidizing equivalent 
in a state $2 present in very small amount. As in photoinduced luminescence, 
this recombination excites chlorophyll which then emits light. A much stronger 
emission L H is observed after injection of H:O2. Both signals are modified or 
suppressed by treatments specific of the oxygen emission system, such as: 
thermal denaturation at 50°C, NH2OH, etc. In addition, a weak, permanent 
background luminescence L0 has been observed; like L D and LH, it is a System 
II property and requires the integrity of the oxygen~evolving system. It is 
believed to reflect a very slow back flow of electrons from an endogeneous 
reductant pool to oxygen through part of the photosynthetic chain. Using 
flash preillumination, it is demonstrated that H20~ is able to oxidize So into 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl )-l,l-dimethylurea; DBMIB, 2,5-dibromo-3 -methyl-6 - 
isopropyl-p-benzoquinone; CCCP, carbonyl cyanide m-chlorophenylhydrazone;  LD, luminescence  
observed after addit ion of DCMU; L H, luminescence  observed after addition of H202 ; L0, background 
luminescence;  PQ, plastoquinone. 
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$2, the latter giving rise to L H, H202 does not  act on $1 (or much less). The 
reactive site of H202 seems to be the same as the binding site of NH2OH. 
Evidence is given that the strong LH signal in particular reveals a stable, low 
pH of the intrathylakoid phase in Chlorella. 

Introduction 

Luminescence of photosynthetic systems, also termed delayed fluorescence 
or delayed light emission, is the radiative decay of chlorophyll singlet states 
formed at the expense of electron-hole pairs recombining at the  site of photo- 
chemical centers. In higher plants, luminescence is essentially o~f System II 
origin. It is ordinarily observed following light activation of the sample {e.g. 
with flashes): the responsible electron-hole pairs have been produced by the 
photochemical functioning of the System II centers and are in great majority 
stabilized as redox states of  the primary electron and acceptor, as well as redox 
states of other neighboring electron carriers in the photosynthetic chain in 
partial equilibrium with the foregoing. In fact, luminescence is only allowed 
because of a slight imperfection of this stabilization (see Ref. 1 for a recent 
review). 

This theory does not  say that  light activation is obligatory. One should be 
able to make fully relaxed (dark-adapted) photosynthetic systems luminesce 
either by triggering the recombination of charges once photochemically 
separated and quasi-permanently trapped or by feeding charges to the primary 
donor and acceptor, even if indirectly, at the expense of exogeneous redox 
substances. The first possibility (triggered luminescence) is suggested by the 
existence of charge-storing abilities operating on both sides of System II: the 
state $1 of the oxygen-evolving system [2] and the state B- (singly reduced) 
of the secondary System II acceptor [3,4] apparently are very stable in the 
dark. One could conceivably trigger their recombination by the addition of 
DCMU: 

DCMU 
SIQB- ) SIQ-B -* SoQB + h V L  (1) 

In Eqn. 1, hp L is a photon  of luminescence, Q is the primary System II electron 
acceptor; the first reaction is the consequence of a negative shift of the redox 
potential of B brought about by its association with DCMU, an hypothesis 
proposed by Velthuys and Amesz [4]. The second possibility (chemilumi- 
nescence) is also suggested by the well-known ability of several classes of redox 
compounds (Hill reagents, artificial electron donors) to interact at different 
places with the photosynthetic chain in competit ion with or as substitutes of 
physiological carriers. 

The expected triggered luminescence and chemiluminescence according to 
the two types of actions above explained were indeed observed for the first 
time in 1975 with fully relaxed Chlorella or isolated chloroplasts [5]. * As 

* I t  m u s t  be m e n t i o n e d  t h a t  a c h e m i l u m i n e s c e n c e  was a l ready  d e m o n s t r a t e d  in bacter ia l  c h r o m a t o p h o r e s  

b y  Fle i s chman  a nd  Mayne  [ 6 ] .  
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mentioned, DCMU was used for demonstrating the triggered luminescence; 
a relatively strong chemiluminescence was also observed in response to 
hydrogen peroxide, acting presumably as hole donor to the oxygen~evolving 
system. These effects were strikingly independent on the time which the 
sample had spent in darkness after its full relaxation. The very low level of the 
DCMU-triggered luminescence suggested that probably S2 instead of $1 was 
involved in Eqn. 1. The present report considerably expands the previous 
findings in ChloreUa and attempts a comprehensive interpretation of the 
phenomena. It is intended to show that 'dark' luminescence, a coinage 
emphasizing the fully relaxed situation of the photosynthetic apparatus when it 
is observed *, can be an interesting new tool for the study of System II and of 
the elusive associated oxygen-evolving system. 

Material and Methods 

Algae (Chlorella pyrenoidosa) were grown and harvested as described 
previously [8]. For purpose of comparison, a limited number of experiments 
were done using two other species and several of their mutants isolated in this 
laboratory: Aphanocapsa 6714 and Chlamydomonas reinhardtii kindly 
supplied by F. Espardellier (see Ref. 9) and J. Gamier (see Ref. 10), respec- 
tively. Algae were used in their respective growth media. 

The luminescence apparatus and protocol of experiments are similar to those 
described in Ref. 5, except for the following modifications that were intro- 
duced for an easier operation or for improving the signals. The Algal sample is 
in a light-tight, thermostatically-controlled glass resevoir (50 ml maximum) 
where it is kept in suspension by gentle magnetic stirring. The upper surface of 
the sample is seen by the photomultiplier through a flexible light guide of large 
section (SOVIS, 50 cm length, 1 cm diameter) inserted into a black plastic 
cover fitted to the reservoir. A mechanical shutter in front of the photomulti- 
plier window enables one to check for the absolute level of the light emission. 
Reagents are expelled manually from hypodermic syringes; up to four 
syringes can be positioned by conical stops glued to their needles on the cover 
of the reservoir. This permits rapid successive injections and bubbling of the 
suspension with gas mixtures. The apparatus is easily operated in dim labora- 
tory light, the latter contributing no more than 5% of the weakest background 
(L0, see below). In the standard protocol, the temperature is set at 30°C, the 
volume of sample is 25 ml (approx. 75 pg • ml -I chlorophyll) and final con- 
centrations of DCMU or H202 are 2 - 1 0  -s M or 0.2% (v/v), respectively. 
Because the algal sample had been exposed to the ambiant light prior to being 
introduced in the reservoir, it required about 10--15 min for relaxing to the 
dark-adapted condition; during this period the tail of the light-induced lumi- 
nescence can be monitored at high sensitivity. In some cases, flash preillumina- 
tion, with flash lamp (General Radio Stroboslave) positioned inside the reser- 
voir, close to the suspension, was used a predetermined time before reagent 
addition. The above protocol (in particular with respect to temperature) was 

* T h i s  is to  be  c o n t r a s t e d  w i t h  the  tr iggered l u m i n e s c e n c e  r e p o r t e d  b y  o thers  (see  e .g .  R e f .  7)  w h i c h  
r e q u i r e s  prior ac t iva t ion  by  l ight  and d e c a y s  at  a b o u t  the  s a m e  rate as the  p h o t o i n d u c e d  l u m i n e s c e n c e .  
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devised in order to optimize the signals. The latter were identical in shape and 
similar in amplitude to those earlier reported [5] (in the range of 10-8--10 -9 A 
at photomultiplier voltage of 1300 V), the diference being explained by the 
change in geometry and replacement of the photomultiplier (EMI 9558). 

Several comparison experiments were needed. Oxygen evolution in sequence 
of flashes was recorded as described in Ref. 8. Pretreatment with H202 was 
done by injecting the reagent in the electrolyte stream and watching for the 
extra amperometric signal (due to H202) to rise and subside before firing the 
flash lamp. Fluorescence at the zero level (dark adapted) and fluorescence 
induction were monitored in a set up similar to that described in Ref. 11. 

DMBIB and 1-bromo-4-nitrothymol were kindly given by Dr. A. Trebst, and 
2-(3-chloro-4-trifluoromethyl)anilino-3,5~linitrothiophene by Dr. G. Renger. 

Results and Discussion 

General characteristics o f  dark luminescence signals 
Fig. 1 shows recordings of the various dark luminescence signals discussed 

in this report. 
An important result obtained with the new apparatus was to show that fully 

relaxed Chlorella cells emit a steady, low background of luminescence. It can 
be clearly shown by operating the photomultiplier shutter (see S and S' in Fig. 
1). This background signal (amplitude L0 *) can be monitored for hours (Fig. 
2); its hal.f-time is approx. 2 h. Evidently, L0 manifests the existence of a quasi- 
permanent, very low level reverse electron flow through the System II reaction 
center. The origin and site of coupling of the flux of positive charges on the 
donor side and of negative charge on the acceptor side remain speculative. 
However, there are reasonable assumptions. Concerning the donor side, one 
notes that L0, as well as the other dark luminescence signals (except LH2, see 
below) requires a functional state of the oxygen-evolving system (see Table Ib), 
which therefore is the likely coupling site. The flux of positive charges results 
presumably from a redox equilibrium between 02 and the oxygen-evolving 
system, as postulated by Kok et al. [12], in particular maintaining a low con- 
centration of $2 state. We concluded earlier [5] that this situation could 
explain the small amplitude of the dark luminescence signals. In agreement 
with this view are the facts that L0 is suppressed by removal of O2 (see Table Ib) 
and by NH2OH (see below for the discussion of this effect) as shown on Fig. 2. 
Another independent argument is our observation (unpublished) on the flash 
energy dependency of Y2, the 02 yield at the 2nd flash in sequence experi- 
ments, which cannot be explained by double hits alone but requires that a 
small amount of $2, besides the majority: S0 + $1, is also present in the dark- 
adapted S states distribution. Concerning the acceptor side, it has been 
repeatedly assumed (e.g. Ref. 13) that the photosynthetic chain was coupled 
by another redox equilibrium to an endogeneous reducing system RH, prob- 
ably at the side of the plastoquinone pool (PQ). This is also borne out by 
the inhibiting effect of Lo of DBMIB (oxidized, see Fig. 4e) and benzoquinone 

* The s y m b o l  L 0 and o t h e r  similax s y m b o l s  to  be  d e f i n e d  later shall  be  u s e d  r a t h e r  f ree ly  to  des igna t e  also 

the  p h e n o m e n o n  i t se l f .  
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Fig.  1.  R e c o r d i n g  o f  d a r k  l u m i n e s c e n c e  s ignals  o f  Chloreila. (a)  B a c k g r o u n d  l u m i n e s c e n c e  (L0 )  a n d  
D C M U - t r i g g e r e d  l u m i n e s c e n c e  ( L D ) ;  p l i o t o m u l t i p l i e r  s h u t t e r  o n  (S) a n d  o f f  (S r) t o  d e m o n s t r a t e  L 0 ;  
t h e  cell  s u s p e n s i o n  w a s  i n c u b a t e d  fo r  2 0  m i n  in  d a r k n e s s  p r i o r  t o  D C M U  a d d i t i o n  ( a r r o w  a n d  i n d i c a t e d  
c o n c e n t r a t i o n ) .  (b)  H 2 0 2  c h e m i l u m i n e s c e n c e  ( L H 1 ,  L H 2 )  f o l l o w i n g  D C M U  t r i gge r ing ;  as in  (a),  t h e n  
8 .5  m i n  a f t e r  D C M U  a d d i t i o n ,  H 2 0 2  w a s  i n j e c t e d  ( a r r o w  a n d  i n d i c a t e d  c o n c e n t r a t i o n ) .  (c)  H 2 0 2  c h e m i -  
l u m i n e s c e n c e  w i t h o u t  p r i o r  D C M U  t r i gge r ing ;  c f .  (b ) ;  n o t e  a b s e n c e  o f  t h e  s e c o n d  wave  ( L H 2 ) .  N o t e  t h e  
d i f f e r e n t  ve r t i ca l  sca le  fo r  r e c o r d i n g  (b)  a n d  (c)  c o m p a r e d  t o  (a) ( 2 0 - f o l d  r e d u c t i o n  o f  a m p l i f i e r  ga in) .  
The  e x p e r i m e n t s  we re  m a d e  w i t h  the  s a m e  b a t c h  o f  a lgae .  C h l o r o p h y l l :  1 5 0  # g -  m 1 - 1 .  T e m p e r a t u r e :  
3 0  ° C. 

Fig.  2.  B a c k g r o u n d  l u m i n e s c e n c e  ( L 0 )  o f  Chlore|ia as a f u n c t i o n  o f  t i m e  in  d a r k n e s s .  The  cell  s u s p e n s i o n  
h a d  b e e n  e x p o s e d  to  t h e  a m b l a n t  l a b o r a t o r y  l i gh t  f o r  a b o u t  1 h p r i o r  to  b e i n g  i n t r o d u c e d  in  t h e  l u m i -  
n e s c e n c e  a p p a r a t u s ,  a t  ze ro  t i m e .  T h e  s igna l  w a s  n o t  r e c o r d e d  u n t i l  t h e  l i g h t - i n d u c e d  l u m i n e s c e n c e  h a d  
d e c a y e d ,  i .e.  b e f o r e  a p p r o x .  1 0  ra in .  N H 2 O H  was  i n j e c t e d  ( i n d i c a t e d  f ina l  c o n c e n t r a t i o n )  a t  t he  t i m e  
m a r k e d  b y  a n  a r r o w .  C h l o r o p h y l l :  1 5 0  p g  • m1-1 . T e m p e r a t u r e :  3 0 ° C .  

to be discussed later. The following scheme summarizes the working hypothesis 
for L0: 

02 +- (oxygen-evolving system).. .  P-680 ~ Q *- B ~- PQ ~- RH (2) 

Accordingly, a possible explanation of  the very slow decay of  L0 could be a 
progressive depletion of  the RH pool. 

Upon addition of  DCMU, the dark luminescence rises immediately to L D 
(Figs. la ,  4a and c), at least twice the L0 level, but  sometimes more.  There- 
after, it decays very slowly (t~ 5--10 min) to a level below L0. A small, more  
rapid phase is of ten observed at the beginning. 

Thus some variability is observed in the L D pattern depending on uncon- 
trolled parameters in the physiological states of  the algae and indicating at 
least that  the phenomenon is more complex than predicted by the working 
hypothesis (QB-pCMU, Q-B). It must  be noticed that  at any rate the decay 
is incomparably slower than that  of  Q- by recombination after light activation 
in the presence of  DCMU (t~ ~ 1 s, see e.g. Ref. 14). This raises a problem: 
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T A B L E  I 

C H A R A C T E R I S T I C S  OF D A R K  L U M I N E S C E N C E  OF Chloreila 

See detailed protocol  in Material and Methods, L0, background luminescence; LD: DCMU-triggered 
inminescence: LHI and LH2, H202 chemiluminescence in the presence of DCMU (first peak and 2nd 
wave, respectively); LH, H202 chemiluminescence. Inhibition: +, complete; (+), partial, 0, no effect or 
stimulation (in the latter cases, amplitude relative to the control between parenthesis). A N T 2 p ,  2-(3- 
c hloro -4 - t r i f l uo rome thy l ) an i l i no -3 ,5 -d in i t ro th tophene .  

L O L D  L H 1  L H 2  L H  

(a) Relative amplitude * 1 4.4 176 26 62 

(b) Donor side 
Heat (50°C ,  I 0  ra in)  + + + (+) (0 .56)  

NH 2 OH 
10 m M  + + (+) (+) (0 .24)  
50 ~tM + (+) (0 ,42)  0 (1 .27)  

Anaerobiosts + + 
10/~M CCCP + + (+) (0 .16)  0 (1 .2)  

1 ~zM A N T 2 p  + + (+) (0 .21)  (+) (0 .39)  

(c) Acceptor side 
15/~M DBMIB + 
0.2 m M  b e n z o q u i n o n e  (+) ** * 

(+) * * 

+ 

(+) (0.56) 
(+) (0.56) 

* Representative experiment. 
** See Fig. 4e.  

** * Momentary inhibition, see text.  

according to the working hypothesis and referring to Eqn. 2, Q is isolated by 
DCMU from the endogeneous pool RH, centers in state Q-B (which were in 
state QB- before DCMU addition) should react in a few second to exhaust 
any excess of  $2; consequently, L D after a transient peak of several seconds 
should exhibit a plateau, limited by the slow generation of  $2, to die out with 
the exhaustion of  Q-B. This and other problems shall be discussed below. 

The idea that the dark luminescence was inherently weak because of  a very 
limited supply of holes on the donor side [5] led to experiments of the type: 
DCMU/t/H202, where H202 is added at time t after DCMU. It was expected 
that H202, known as a Photosystem II artificial donor [14], could also have 
an oxidizing action on the donor side due to its ambivalent redox character. 
Indeed the signal thus produced (Fig. lb)  is much stronger than LD (see the 
relative amplitudes in Table Ia). The shape of  the H202 signal is complex: the 
first peak, LH1, appearing immediately upon the addition of  H202, is followed 
by a second wave, LH2. Here again, some variability is experienced. The dip 
between LH1 and LH2 is not always marked, in which case LH2 is still present 
as a plateau following the decay of  LH1 or merely as a slower second phase of 
the overall decay (compare Fig. 6a and b). All dark luminescence signals are 
increasing function of  temperature (this is the reason for the choice of  30°C in 
the protocol). The shape of  LH2 is especially sensitive to temperature: at room 
temperature, it shows up as a plateau of  relatively smaller amplitude, but of  
very long duration [5]. 

Omission of  DCMU before H202 addition results in a signal, LH, similar in 
shape to LH1, but smaller by a factor of 2 or 3 (Fig. l c  and Table Ia); the 
time integral of  the signal is comparable to, although smaller than the corre- 
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sponding quant i ty  in the presence of  DCMU. This is somewhat  surprising: 
keeping in mind that DCMU is supposed to induce the reaction QB- -* Q-B, the 
ratio LH/LH1 should be much smaller than observed. The fact that  the ampli- 
tudes are of  comparable magnitude may be unders tood if in both  cases the 
limiting step is the oxidation of  the oxygen-evolving system by  H202. Note° 
wor thy  is the absence (or much reduced size) o f  a second component ,  
analogous to LH2, when H202 is used alone. 

As is known,  luminescence is very much dependent  upon events occurring on 
the donor  and acceptor  sides of  Photosystem II and respond sensitively to all 
experimental actions modifying or altering this segment of  the photosynthet ic  
chain. The same can be said for dark luminescence. Table Ib and c summarizes 
the results of  t reatments specific of  the donor  and acceptor  sides of  System II 
on dark luminescence. These treatments will be examined in detail in the 
following parts of  this report.  It is significant that  all the above-defined signals 
(L0, LD, LH1, LH) respond in a similar way to these treatments.  Notewor thy  
is the different behavior of  LH2 which is often much less or no t  at all affected; 
the reason for this difference has not  been elucidated. 

Role o f  the acceptor side 
The mere existence of  L D may be considered as a positive test of  the 

hypothesis  of  Velthuys and Amesz [4].  Other observations are in favor of  this 
point  of  view. (1) The dependency of  L D amplitude on DCMU concentrat ion 
is characteristic of  this inhibitor {Fig. 3, left); the concentrat ion giving half the 
effect  corresponds to a Pi(50) of  6.4--6.5, in reasonable agreement with that  
for the photosynthet ic  electron transport  [16].  Note  that  the rate of  decay 
of  L D is depending on the DCMU concentrat ion exactly as the initial ampli- 
tude. (2) Other Photosystem II inhibitors presumably acting at the same site 
as DCMU also produce a signal similar to LD, as was recently shown in our 
laboratory by Van Assche [17].  The case of  o-phenanthroline is depicted in 
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Fig. 3. DCMU-t r iggered  l u m i n e s c e n c e  (LD)  of  ChloreI|a. (Le f t )  Re la t ive  ampl i tude  of  L D - - L  0 and 
re la t ive  va lue  o f  the reciprocal  o f  decay  l i fet ime of  L D ( f l  ~ as a func t i on  of  the log o f  DCMU concentra-  
t ion.  Chlorophy l l :  105  ~g • ml  - I ,  T e m p e r a t u r e :  30°C.  (Righ t )  Effect  o f  DCMU added during the decay 
of  the f lash- induced luminescence  o f  Chlorella.  The samples ,  ai~er hav ing  re laxed  in da rkness  in the 
luminescence  apparatus for 3 min ,  we re  given t w o  sa tu ra t ing  flashes; the reagent was  added at  a var iable  
t ime  ( t )  a f t e r  the  flash p r e t r e a t m e n t .  The  p ic tu res  are  c o m p o s i t e  t raelngs  re la t ive  to  several  exper iments ,  
Final  c o n c e n t r a t i o n :  DCMU: 2.5 • 10 -6  M; ch lo rophy l l :  15 ~g • ml  - I .  T e m p e r a t u r e :  30°C.  
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DCMU 
2.10-2M 

2"I°-sM NH~,OH 

~ 5rain 

:~l o.Phenanthroline 10.3 M 
b 

DCMU 
2.101-5 M 

 _12 c 
BNT 4.10 ]--5M DCMU 

DBMIB 
3.101-5M DCMU 
" ~  2 . 1 0 ~  e 

Fig .  4 .  T r i g g e r e d  l u m i n e s c e n c e  a n d  r e l a t e d  p h e n o m e n a  in  Chioreila. (a a n d  b )  C o m p a r i s o n  o f  t r i gge red  
l u m i n e s c e n c e  ( L D )  i n d u c e d  b y  D C M U  (a)  o r  o - p h e n a n t h r o H n e  (b) ;  t h e  r e a g e n t s  a re  a d d e d  a t  t ime  m a s k e d  
by a r r o w s  a t  the indicated f ina l  c o n c e n t r a t i o n ;  a t  severa l  p l aces ,  the shutter  in front  o f  the photomul t i -  
plier was  t u r n e d  o n  a n d  o f f  in  o r d e r  t o  r e c o r d  i t s  d a r k  c u r r e n t  ( h o r i z o n t a l  d a s h e d  l ine) .  ( c - -e )  a re  expe r i -  
m e n t s  w i t h  a d i f f e r e n t  b a t c h  o f  a lgae  t h a n  (a)  a n d  (b) .  (c)  C o m p a r e  w i t h  (a) ( p r o m i n e n t  f a s t  in i t ia l  phase ) .  
(d)  Success ive  a d d i t i o n s  o f  1 - b r o m o - 4 - n i t r o t h y m o l  ( B N T )  a n d  D C M U .  (c) Success ive  a d d i t i o n s  o f  2 ,5 -  
d i b r o m o - 3 - m e t h y l - 6 - i s o p r o p y l - P - b c n z o q u i n o n e  ( D B M I B )  a n d  D C M U .  C h l o r o p h y l l :  1 5 0  /~g • m l  - I .  
T e m p e r a t u r e :  3 0 ° C .  

Fig. 4b. An interesting case of  competi t ion is found with 1-bromo-4-nitro- 
thymol ,  which is believed to act at the same place as DCMU but  with a 
different  mechanism [17];  correspondingly, it merely produces a negative 
effect  on L0 and DCMU, added on top  of  it, has no longer any effect  (Fig. 4d). 
(3) The site for DCMU binding probably involves a protein (see Ref. 19) which 
can be altered by  mutat ion.  We have observed that  mutan t  C of  Aphanocapsa 
which is resistant ot  DCMU [9] correspondingly exhibits no L D * whereas the 
wild type  behaves just  like Chlorella (not  shown). 

Several aspects of  L D and similar phenomena,  however,  are not  explained 
by the working hypothesis  and, so far, are not  understood.  (1) We mentioned 
in the foregoing that the L D decay was much too  slow compared to the rate of 
recombination.  Comparing DCMU and o-phenanthroline (Fig. 4a and b) 
presents another problem: while the initiai ampli tude is about  the same in both  
cases, the decay is much faster in the case of  o-phenanthroline compared to 
that  of  DCMU. At any rate and whatever the mechanism of  decay, one would 
expect  at least that  the time integral of  luminescence, ~LD, to be identical in 
bo th  conditions, because the total  light emission should be simply related to  
the amount  of  Q- present after the trigger and this presumably is identical 
in both  cases (saturating inhibitor concentrations).  (2) Another  instance where 
the invariance of  EL breaks down is observed when, unlike in the standard 
protocol ,  DCMU is added while a normal, photoinduced luminescence is still 
being evolved (Fig. 3, right). Only at the shortest time is a large stimulation 
seen (already in Ref. 20); the most  important  effect  is an acceleration of  the 

* O x y g e n  e v o l u t i o n  in m u t a n t  C o f  Aphanocapsa is n o t  comple t e ly  insensit ive to D C M U  (ha l f - e f f ec t  
c o n c e n t r a t i o n :  3 . 5  • 1 0  -5 M).  I t  is i n t e r e s t i n g  t h a t  D C M U  even  a t  7 • 10  -5  M d id  n o t  e l ic i t  a n y  L D 

r e s p o n s e .  
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decay. Clearly ~ L  D at all times, after DCMU addition, is much smaller than the 
residual ZL, if, at the same t value, DCMU had not been added. The accelerat- 
ing effect is probably identical to a faster DCMU-induced deactivation of $2, 
the dominant species of the oxygen-evolving system in Chlorella in this time 
range, already documented in 02 emission studies [21]. One might speculate 
that the lack of invariance of 2;L is related to an additional effect of DCMU 
on the yield of luminescence, i.e. the yield of exciton production. (3) The most 
serious problem is that Q- when monitored by fluorescence does not seem to 
decay after DCMU triggering. The latter induces a substantial increase (Adp) 
of the minimum fluorescence yield prevailing in the dark-adapted state. This 
well-known effect in fact stands as one of the experimental basis of the 
Velthuys and Amesz hypothesis. But we find that the resulting level (~0 + A~) 
is absolutely stable in the time range of the L D decay (not shown). Similarly, 
the Q pool, measured by the complementary area, above the fluorescence 
induction curve, does not change during this time {Etienne, A.L., unpublished 
results). 

Dark luminescence was assumed to require the presence of negative charges 
on the acceptor side quasi,stabilized in the form of QB-, and perhaps also in 
the form of a partly reduced plastoquinone pool in slow equilibrium with B. 
In Chlorella, it is not easy to modify chemically the redox balance of carriers 
on the acceptor side in a controlled way. Yet, the effect of such oxidant as 
DBMIB is interesting. Addition of the latter immediately kills L0 (Fig. 4e). 
DCMU added on top of it slowly restores some dark luminescence. The inhibit- 
ing effect means either that QB- is, even if slowly, in redox equilibrium with 
the PQ pool and is in fact indirectly oxidized by DBMIB via this pool, or that 
DBMIB can directly oxidize QB- as suggested in Ref. 22. The subsequent rise 
of dark luminescence after addition of DCMU can be understood assuming not 
only that QB is now isolated from PQ but also that part of the DBMIB which 
has been reduced while oxidizing the PQ pool now slowly feeds electrons to 
QB, which again implies a direct redox interaction between QB and DBMIB. 
Benzoquinone has the same immediate action on L0 as does DBMIB; but 
secondary, complex phenomena also occur: after a while, the dark lumi- 
nescence rises and reaches a level several times L0, thereafter slowly declining 
to zero {not shown). 

Role o f  the donor side 
The functional integrity of the oxygen~evolving system is a prerequisite for 

dark luminescence. This is simply shown by the moderate thermal treatment 
(10 min at 50°C) which specifically destroys the oxygen~evolving system: it 
also completely suppresses L0, L D and LH1 {Table Ib). This observation is 
important because it disposes of the objection that the H202 signal might 
result from a trivial peroxidation of the bulk chlorophyll [23]. 

NH2OH at high concentration provides another simple means to act on the 
oxygen-evolving system of Chlorella in a destructive way [24], meanwhile 
functioning as an artificial donor [25]; at low concentration, it is assumedto 
bind to So and $1 (or alternatively to reduce $1 into So) [26] very slowly and 
by so doing it temporarily inhibits the oxygen-evolving system. Its role as an 
electron donor (or hole scavenger) may only be evidenced indirectly in whole 
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cells, e.g. by fluorescence [14] or luminescence [27] or 02 emission kinetics 
[28]. 10 mM NH2OH suppresses L0 and LD, LH1 is partly inhibited (Table Ib). 
Its immediate effect is also seen in Figs. 2 and 4a; the relatively fast inhibition 
can be explained by the reduction (see Ref. 28) of the low steady-state amount 
of $2 by NH2OH. Low concentrations of NH2OH (50 ~M) have also proved to 
be active on LD and to a lesser extent on LH1 (Table Ib) and LH (not shown). 
The implications of the effect of NH2OH at low concentration on LH1 and 
LH is that either H202 and NH2OH compete for the same binding site on the 
oxygen-evolving system, which, when occupied by NH2OH, hinders the oxida- 
tion of the oxygen-evolving system by H20~, or alternatively, if NH2OH is 
believed to simply reduce $1 to So, that H:O2 is less effective for oxidizing 
So than $1. We shall see below that the second term of the alternative is 
probably wrong. 

Anaerobiosis (bubbling with N2) results in much the same effect as NH2OH 
(Table Ib). This can be understood assuming that, in Chlorella, anaerobiosis 
activates a reducing path which prevents the small concentration of S: 
necessary for dark luminescence to build up. An independent experiment on 
fluorescence induction in ChloreUa in the presence of DCMU demonstrates 
this point (Fig. 5). It is seen that in air the variable fluorescence rise is very 
limited because recombination competes strongly with the very slow forward 
photochemical reaction (note the extremely low exciting light intensity used 
in this experiment). In N2 on the contrary, the full fluorescence rise is 
obtained, and the subsequent decay of fluorescence yield in darkness is 
prevented. The effect of anaerobiosis in Chlorella is thus exactly equivalent to 
that of NH2OH in Bennoun's classical experiment [14]. Note that this reducing 
path is specific of the donor side: no spontaneous rise of fluorescence which 
would indicate a reduction of Q has ever been observed in our strain of 
Chlorella. A final argument in favor of the hypothesis that dark luminescence 
reflects a small, steady concentration of $2 is the inhibitory effect of CCCP and 
2-(3-chloro-4-trifluoromethyl)anilino-3,5~linitrothiophene (Table Ib). These 
compounds (ADRY reagents (ADRY, acceleration of the deactivation reactions 
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F i g .  5 .  E f f e c t  o f  anaerobios l s  on  f l u o r e s c e n c e  i n d u c t i o n  o f  Ch|ore|L~ in  the  presence  o f  2 • 1 0  -S  M D C M U  
a t  e x t r e m e l y  l o w  e x c i t i n g  l ight  i n t e n s i t y .  C o n t i n u o u s  c u r v e  ( N 2 ) :  af ter  bubbl ing  the  suspens ion  w i t h  N 2 
for  m o r e  than  3 0  r a i n ;  n o t e  th e  t i m e  scale:  f r o m  th e  rate o f  f l u o r e s c e n c e  rise,  i t  can b e  d e d u c e d  that  the  
e x c i t i n g  l ight  i n t en s i ty  w a s  e q u i v a l e n t  to  on e  p h o t o n  hi t  per  c e n t e r  every  3 0  s.  D a s h e d  c u r v e  ( a i r ) :  c o n t r o l  
in air w i t h  s a m e  in tens i ty .  Chlorophyl ] :  7 5  # g  • m l  - I  ; f l a t  ce l l  o f  0 . 4 3  m m  th i ckness .  ~: 4 8 0  ± 1 0  n m ;  

~ :  6 8 5  ± 1 5  n m .  T e m p e r a t u r e :  2 5 ° C .  
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of  the water-splitting enzyme system Y), see Ref. 29) are known to accelerate 
the deactivation of  the higher S states. 

Concerning the mode of  action of  H202, we earlier speculated [5] on the 
possibility that  this substance might act both  as an oxidant  on the donor  side 
(H202 + 2 H ÷ + 2 e -+ 2 H20) and as a reductant  on the acceptor  side (H202 -~ 
02 + 2 H ÷ + 2 e). Recently,  Velthuys and Kok [30] gave evidence for a catalase- 
like cycle involving these two redox systems and the states S0/$2 (and also the 
states S-1/$1, S-1 being an hypothet ical  extra state of  the oxygen~volving 
system more reduced than So). In the foregoing, we noted that  the experiment 
with NH2OH (low concentration) suggested a specific binding of  H202 to the 
oxygen-evolving system prior to its oxidation by this reagent. Another evidence 
in favor of  the same idea is that  the LHZ amplitude is saturated at fairly low 
concentrat ion of  H202, suggesting a limited amount  of  the target component  
and similarly, upon successive additions of  0.06% H202, only the first one 
elicits a LHz peak (not shown). A more decisive experiment to understand the 
mechanism of action of  H202 is depicted in Fig. 6. A flash pretreatment  was 
given before adding DCMU and H:O2 (Fig. 6, top). The rationale behind this 
protol  is similar to that  in Forbush et al. [31] : the first part of  the protocol  
forces a well<lefined initial distribution of  the centers in the states So and S~; 
on the ground that  So is practically only formed photochemically from S3 
and that  deactivation is mostly a one-step process (Si-* Si-z), the second 
sequence of  n flashes will result after subsequent  deactivation (3 min) in a 

2 0 " ~ / 3 m i n /  n , ~ / 3 m i n /  D C M U + H 2 0 2  
. . . . .  T . . . . . . .  

. . . .  ' - i - -  

÷~202 

,b ,  

, c ,  

F ig .  6.  D a r k  l u m i n e s c e n c e  o f  Chlorella i n d u c e d  b y  t h e  a d d i t i o n  o f  D C M U  a n d  H 2 0 2  ( f ina l  c o n c e n t r a t i o n ,  
r e s p e c t i v e l y  2 • 1 0  -5  M a n d  0 . 9 5 %  in  (a) ,  0 . 5 %  in  (b))  f o l l o w i n g  a f l a sh  p r e t r e a t m e n t .  P r o t o c o l  i n d i c a t e d  
a t  t h e  t o p ,  w h e r e  n is t h e  n u m b e r  o f  f lashes  given 3 m i n  b e f o r e  r e a g e n t s  a d d i t i o n  (see t e x t ) .  ( a - -c )  a re  
e x p e r i m e n t s  m a d e  w i t h  d i f f e r e n t  b a tc h e s  o f  a lgae .  In  (a)  D C M U  a d d i t i o n  p r e c e d e s  H 2 0 2  a d d i t i o n b y  
3 0  s ( a r r o w s ) ;  in  (b)  b o t h  r e a g e n t s  a re  a d d e d  s i m u l t a n e o u s l y .  N o t e  the  d i f f e r e n c e  in s ize  and shape  o f  
s e c o n d  wave  ( L H 2 )  b e t w e e n  the  t w o  a s says .  (c)  A s  a c o n t r o l ,  0 2  e m i s s i o n  (Yn)  in  s e q u e n c e  o f  f l a shes  
w i t h  s ame  P r o t o c o l e :  f lash s e q u e n c e  s t a r t e d  3 r a in  af ter  the  n f l ash  p r e t r e a t m e n t  w i t h o u t  a d d i t i o n  of  
D C M U  a n d  H 2 0 2  ( s a t u r a t i n g  e l e c t r o n i c  f lashes ;  f l a sh ing  p e r i o d :  1 s).  C h l o r o p h y l l :  1 5 / ~ g  • m1-1 (a)  a n d  
(b) .  T e m p e r a t u r e :  3 0 ° C .  
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Fig.  7. ( L e f t )  O x y g e n  e vo lu t i on  of  Chlorella in sequence  of  flashes fo l lowing  p r e t r e a t m e n t  w i th  H 2 0 2 .  
100/~1 of  H 2 0 2  (20%, v /v)  was  in jec ted  in the  e l ec t ro ly te  s t r e a m  (f low ra te  9 ml  • m i n - l ) ; a s  fresh elec- 
t r o l y t e  was  c o n t i n u o u s l y  a d m i t t e d ,  the  algal sample  k e p t  in the  da rk  was  s u b m i t t e d  to  H 2 0 2  for  a b o u t  
8 min ,  as ev idence  b y  an  e x t r e m e l y  high a m p e r o m e t r i c  c u r r e n t ;  10 m m  a f t e r  the  in jec t ion ,  the  c u r r e n t  
had  r e t u r n e d  to  a n o r m a l  value and  a first s equence  was ru n  (n "-); a second  sequence  was ru n  
3 m i n  la te r  (e . . . . .  -e) .  Sa tu ra t ing  flashes; f lashing pe r iod :  1 s. T e m p e r a t u r e :  18°C.  (Right )  Ef fec t  of  
H 2 0 2  a d d e d  dur ing  the  d e c a y  of  the  f lash- induced l u m i n e s c e n c e  of  Chlorella. Same  p r o t o c o l  as Fig. 3 
( r ight) .  Final  c o n c e n t r a t i o n :  H 2 0 2 :  0 .5% (v/v) .  Ch lo rophy l l :  15/~g • m1-1 . T e m p e r a t u r e :  30°C.  

dis t r ibu t ion  wi th  So m i n i m u m  when  n = 1 or  2 and So m a x i m u m  w h en  n = 0 
or  3, as m a y  be verif ied by  02 emission sequences  (Fig. 6c).  F r o m  the  fac t  t h a t  
LH1 is m i n i m u m  for  n = 1 or  2 and m a x i m u m  for  n = 0 or  3, it  m a y  be con-  
c luded  t h a t  t he  main  in te rac t ion  o f  H202 wi th  the  oxygen~evolving sys tem is 

S0+H202+2H ÷~S2+2H:O (3) 

Incidentally, the two experiments shown in Fig. 6 illustrates the variability of 
the LH2 component; it is also another instance of a clear distinction between 
LHI and LH2, the latter not being a function of n. The above interpretation 
agrees with that in Ref. 30 and extends it to the case of ChloreUa. An indepen- 
dent confirmation is provided by an electrode experiment where an algal 
sample was submitted to a pulse of H202 (Fig. 7, left, see legend) before per- 
forming a flash sequence. It is seen that Y2 is relatively larger and Y4 smaller 
than in the control sequence. This control is simply a second flash sequence 
run 3 rain after the first one, showing that everything has returned to the 
usual situation and that consequently the anomalous pattern of the first 
sequence was indeed due to a modification of the initial S states distribution 
by H202. It must be added that the result of the electrode experiment is not 
always as clear as in Fig. 7. A prominent Y2 is not always seen albeit, even so, 
Y4 is relatively small. We often observe a binary oscillation *, starting with Y3 
high, Y4 low, etc, as reported in Ref. 26. In all cases however, a subsequent 
assay gives the normal pattern. 

The reverse of Eqn. 3 as regards the S0/$2 couple, involving now the reducing 
redox system of H202 (see Ref. 30). 

S2+H202~S0+02+2H + (4) 

* This was  t a k e n  as ev idence  [ 2 6 ]  for  a r e d u c t i o n  of  $4 ,  the  p r ecu r so r  s ta te  of  0 2 ,  i n to  S 2 b y  H 2 0 2 .  
This  is un l ike ly  because ,  in o u r  e x p e r i m e n t s ,  t he  b ina ry  osci l lat ions m a y  b e  s e e n  e v e n  t h o u g h  H 2 0 2  
has b e e n  w a s h e d  ou t .  F u r t h e r m o r e ,  ou r  h y p o t h e s i s  t h a t  t h e  m a i n  e f f ec t  is t h e  o x i d a t i o n  of  S O in to  S 2 
(Eqn .  3) is suf f ic ient :  in K o k ' s  m o d e l ,  g iven an  init ial  d i s t r ibu t ion  where  S O and  S 2 are p r e d o m i n a n t  
and  in a b o u t  equa l  a m o u n t ~ ,  it  is readi ly  seen  t h a t  the  osci l la t ion m u s t  be binsxy.  
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Fig.  8.  E f f e c t  o f  t r i - N - b u t y l s t a n n i c  c h l o r i d e  ( T N B T )  o n  d a r k  l u m i n e s c e n c e  in  Chloretla: b a c k g r o u n d  lumi -  
n e s c e n c e  (L0) ,  D C M U - t r i g g e r e d  l u m i n e s c e n c e  (LD) ,  H 2 0 2  c h e m i l u m i n e s c e n c e  ( f i r s t  p e a k  L H I ,  s e c o n d  
wave  L H 2 ) .  T h e  a lga l  s a m p l e  w a s  i n c u b a t e d  in the  dark w i t h  T N B T  at the  ind icated  c o n c e n t r a t i o n  f o r  
1 5  m i n  p r i o r  to  r ec or d in g  t h e  d a r k  l u m i n e s c e n c e  s ignals .  C h l o r o p h y l l :  7 5  Dg • m l  - I  . T e m p e r a t u r e :  3 0  ° C. 

can also be demonstrated in an experiment (Fig. 7, right) where H202 is added 
during the decay of a two flashes-induced luminescence. At t = 30 s, when $2 is 
relatively abundant, the above reaction results in an immediate inhibition of 
the photoactivated luminescence. LH properly is seen later (t > 3 min) when 
the photoactivated luminescence has subsided and the ratio S0/S2 is very high. 
The reaction from right to left in the equilibrium Eqn. 4 might also be an 
attractive possibility for the slow steady production of $2 that we postulate 
to explain L0 and L D. 

In isolated chloroplasts, dark luminescence in general is low and LH in 
particular is only seen when the pH of the suspending medium is below 6 
(unpublished results). The likely explanation is that, as expressed in Eqn. 3, 
the oxidation of So into $2 by H202 requires an acid intrathylakoid phase. 
The implication then is that in dark-adapted Chlorella this phase is maintained 
at a pH substantially below neutrality. Joliot and Joliot [34] have indepen- 
dently reached the same conclusion; the mechanism they envisaged is a pH 
gradient quasi-stable in the dark driven by the membrane-bound ATPase 
hydrolysing ATP of mitochondrial origin. An important tool in their demon- 
stration is tri-n-butylstannic chloride ([CH3(CH2)3]3SnC1), a potent ATPase 
inhibitor. In conformation of the above views, we have observed that LHI is 
sensitively suppressed by tri-n-butylstannic chloride (Fig. 8) whereas LH2 is 
almost not affected. Of significance also is the substantial inhibition of L0 and 
L n by tri-n-butylstannic chloride, pointing also to a pH effect for the genera- 
tion of $2 by 02 (Eqn. 4, right to left) as suggested in the foregoing. It is inter- 
esting that 10 -s M tri-n-butylstannic chloride has no effect on the O2 emission 
of Chlorella in sequence of flashes (not shown). 

Conclusions 

Concerning the acceptor side, our studies on dark luminescence support the 
hypothesis of Velthuys and Amesz [4] in a first approximation, but actually 
raise several problems. Of special concern, is the negative evidence derived from 
fluorescence: after DCMU triggering in the dark-adapted state, there is 
absolutely no decay of Q- associated to the decay of L D. This is to be con- 
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trasted with evidence by Wollman and Thorez [32] showing that in dark- 
adapted Chlorella approx. 50% of the centers are in the state QB-, which, after 
DCMU triggering, can readily back react with $2 and $3 formed photochemo- 
cally. We have no explanation for this discrepancy. Concerning the slow decay 
of LD, the only explanation we can think of is that it could indirectly result 
from the presence of uncoupling impurities in the DCMU solution [3], in 
which case, not unlike the effect of tri-n-butyltin chloride (Fig. 8), the decay 
of L D would be related to a slow collapse of the otherwise dark-stable proton 
gradient, consequently slowing down the rate of $2 production (e.g. Eqn. 4 
right to left) which we assume to control dark luminescence. 

Surprisingly the conclusions concerning the donor side seem more clearcut. 
The effect of NH2OH (low concentration) on LH and the flash pretreatment 
experiment (Fig. 6) taken together show that NH2OH and H202 compete for 
the same binding site of the oxygen~volving system. The alternative considered 
also in Ref. 26 (NH2OH reduces $1 to So) is obviously ruled out by our results. 
If then we speculate that this binding site might also be that for H20, the flash 
pretreatment experiment (together with the electrode experiment (Fig. 7)) 
suggest the following possibility. While occupying the H20 site, H20: oxidizes 
So into $2; $2 thus made chemically can be further oxidized into $4 photo- 
chemically, giving rise to O2 emission. If this picture is correct, which depends 
ultimately on the assumption that H20 and H202 compete for the same binding 
site of the oxygen~evolving system then the S states do not have the meaning of 
the successive oxidation states of a 2 H20 complex (e.g., So = H20, H20, 
$1 = H20, OH, etc.). It is even conceivable that water binds only at the end of 
the S cycle and that its oxidation only takes place during the $4 -* So transition. 
An interesting consequence is that the protons released during the successive 
S state transitions might not come, directly, from water. 

A final practical conclusion is derived from the fact that the H202 chemi- 
luminescence is specifically dependent upon the integrity of the oxygen- 
evolving system. We are considering using to advantage this property to devise a 
screening test for mutants of algae. Preliminary tests with Photosystem II- 
deficient mutants of Chlarnydomonas [10] suggest this possibility: three such 
mutants (F1 50, F1 52 and F1 54) were assayed for LH1 and F1 50 only showed 
a negative response, possibly indicating a deficiency of the oxygen~evolving 
system (also Campagne, J. and Etienne, A.L., unpublished results). 
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