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S U M M A R Y  

The effect of brief far-red illumination on Chlorella pyrenoidosa cells has been 
investigated. 

An inhibition of oxygen evolution occurs 20 to 30 s after the end of  the far-red 
illumination. This inhibition occurs in a step following the initial charge separation 
process by the System II centers. It is reversible in the light through a purely photo- 
chemical process. 

I N T R O D U C T I O N  

Wavelength dependence of photosynthetic oxygen evolution has been a subject 
of  interest for some time. In this paper, we will describe a new phenomenon through 
which brief far-red illumination of algae (<  1 min) induces an inhibition of oxygen 
evolution which can last for several minutes. This inhibition is reversed in the light 
through a purely photochemical process. 

M A T E R I A L  A N D  M E T H O D S  

(a) Chlorella pyrenoidosa are grown in Knop medium with Arnon's trace 
elements A 5 and B 6. Before use cells are resuspended in 0.05 M phosphate buffer 
(pH 6.4) containing 10 mM KCI. 

(b) Oxygen flash yields are measured by a polarographic method as described 
by Joliot et al. [1]. A flash lamp (General Radio Strobotron) was used for these 
measurements (duration 3 ~s at one-third of the peak intensity). Absorption changes 
were measured using a kinetic spectrophotometer as described by Joliot et al. [2]. 

R E S U L T S  A N D  D I S C U S S I O N  

Oxyoen emitted by a sequence of  flashes followin9 continuous illumination 
Algae were preilluminated by far-red light (710 nm) for 30 s and a series of  

saturating flashes were given at the end of  the preillumination. Fig. 1 shows typical 
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Fig. 1. Oxygen flash yield sequence following 30 s of illumination with far-red light (710 nm). Y. 
stands for the amount of oxygen evolved after flash number n. Dark time between the saturating 
flashes is varied as indicated on the figure. Intensity of the far-red light is such that one photon is 
absorbed each second per System II center. The first flash of the series is synchronized with the ex- 
tinction of the far-red beam. 

results of  such experiments for various dark times between flashes. When this time is 
long enough the pattern of the oxygen yield displays two phases. During the first 
phase, the oxygen yield decreases to a minimum value. During the second one, it 
increases and reaches a stationary value. The transitory reduced flash-yield of oxygen 
corresponds to a deficit in oxygen production of 4-7 equivalents per System II  center 
(one to two molecules of  oxygen per center). This peculiar pattern of the oxygen yield 
is specifically observed after far-red illumination. As shown Fig. 2, no biphasic pattern 
of  the oxygen yield is observed following illumination of algae with red light exciting 
System ]I at the same rate. The two phases of the oxygen yield pattern observed 
following far-red light display distinct properties, in the experiment shown on Fig. 3, 
we compared the pattern observed with saturating or nonsaturating flashes exciting 
only l0 % of the System II  centers. The dark time between the flashes is the same in 
both cases. One observes that the time required to reach the minimum yield is not 
dependent upon the number of  absorbed photons following far-red light. This mini- 
mum occurs about 20 s after the end of the preillumination. On the other hand, the 
recovery phase is purely dependent u p o n  the number of  absorbed photons following 
far-red illumination. The recovery phase lasts 10 times longer when itonsaturating 
flashes are used. Half  of  the recovery is observed when about 8 photons have been 
absorbed per System II  center. 
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Fig. 2. Oxygen flash yield sequence following 30 s of illumination with either red or far-red light. 
Intensity of red and far-red light is adjusted so that in both cases one photon is absorbed each second 
per System I1 center. Dark time between saturating flashes is 2.5 s. Y,, see Fig. 1. 

The dependence of the oxygen flash yield pattern upon the duration of the far- 
red illumination is shown in Fig. 4. One observes that after 3 s of far-red light most of  
the phenomenon has developed. Longer preillumination times only slightly shorten 
the time at which the minimum yield is observed. No changes in the pattern are 
detectable for preillumination longer than 60 s. 

Origin of the inhibition of oxygen evolution following illumination with far-red light 
Evolution of oxygen requires several successive events: (a) charge separation by 

the System II  centers, (b) stabilisation of the charges, (c) accumulation of positive 
equivalents to give rise to the $4 state of Kok  et al. [3], (d) evolution of oxygen from $4. 

Experiments were performed in order to understand at which level the far-red 
induced inhibition takes place. 

Charge separation: It  was shown that the increase in absorbance at 520 nm 
observed 400 #s after one flash is proportional to the number of charge separations 
induced by the flash [2, 4]. With Chlorella cells, System II  centers contribute at least 
25 % of the electric field generated. In the experiment shown Fig. 5, we measured the 
absorbance change at 520 nm induced by a series of  saturating flashes following far- 
red illumination. No detectable variation of the absorbtion occurs in the course of  the 
series. Therefore the inhibition of oxygen evolution following far-red illumination is 
not due to the appearance of photochemically inactive System II  centers. 

Accumulation of charges: The amount  of  oxygen evolved by four saturating 
flashes given a few hundred milliseconds apart  permits an estimation of the amount  of 
the four S states [3]. In the experiment shown Fig. 6, we plot the change in yield of  
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Fig. 3. Oxygen flash yield sequence following 30 s of illumination with far-red light as in Fig. 1, 
Dark time between flashes is 2.5 s. Curve 1, saturating flashes; curve 2, flashes exciting only 10 ~ of 
the System II centers. Y,, see Fig. I. 

oxygen for each of four flashes (Y~, I"2, Y3 and Y4) as a function of the dark time 
following far-red illumination. Y~ and Y2 both decline, while Y3 and 114 both increase 
but not by an amount sufficient to compensate for the decline in Y1 and Y2. Compare 
with the pattern on p. 293 of  ref. 5, (after 2 flashes) where the decline in YI, is com- 
pensated for by an increase in Yz. So, the decline in Y~, after far-red illumination 
(which measured the amount of S 3) is not likely to be totally due to a decay of S 3 into 
the less charged state S2, St or So. However, i f sucha  decay occurs one is forced to 
admit that the tess charged S states produced do not participate in oxygen evolution 
when subjected to an illumination with three flashes. 

Following illumination of algae with far-red light, an inhibition of  oxygen 
evolution is observed. This inhibition can last for several minutes and is reversed in 
the light through a photochemical process. This inhibition is not due to the appearance 
of photochemically inactive System II centers. An intriguing aspect of this phenome- 
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Fig. 4. Oxygen  flash yield sequence following i l luminat ions  o f  various dura t ions  with far-red light. 
D a r k  t ime between flashes is 2.5 s. Other  condi t ions  as in Fig. 1. 
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Fig. 5. Absorp t ion  increase at 520 n m  induced by a series o f  sa tura t ing  flashes following 30 s o f  
i l luminat ion with far-red light. Absorp t ion  changes are measured  350/~s after each flash o f  the series. 
Intensi ty o f  the far-red light is the same as in Fig. 1. The  first flash o f  the series is synchronized with 
the ext inct ion o f  the far-red beam.  Da rk  t ime between flashes is 2.5 s. 
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Fig. 6. Algae are illuminated for 30 s with far-red light as in Fig. 1. After a dark time t a series of 
four saturating flashes is given. Dark time between the flashes is 320 ms. The amount of oxygen 
evolved after each flash (YI, Y2, Y3 and Y4) is measured. 

non  is tha t  the inhibi t ion  is not  observed  immedia te ly  after  the far - red  i l luminat ion.  
A per iod  of  20-30 s is necessary after the p re i l lumina t ion  for  the inhib i t ion  to develop.  
Also,  good  integri ty o f  the photosynthe t ic  appa ra tus  is required in order  to observe 
this phenomenon ,  as it was no t  detectable  in isola ted spinach chloroplas ts .  One 
hypothesis  is that  a poo l  o f  reduc tan t  is accumula ted  th rough  Pho toreac t ion  I dur ing  
the pre i l luminat ion .  This poo l  would  become slowly accessible to  the donor  side o f  
System II  centers. Once this poo l  had  become accessible to  System II  centers,  it  could  
react  rap id ly  with the posit ive equivalents  fo rmed  by the System I I  centers before  the 
fo rma t ion  o f  the S state. 

Ano the r  possibi l i ty  would  be tha t  the far - red  i l lumina t ion  induces an inactive 
state for a f ract ion of  the System II  centers which prevents  their  par t ic ipa t ing  in 
oxygen evolut ion.  More  in fo rmat ion  is needed in o rder  to under s t and  the nature  o f  the 
inhib i t ion  of  oxygen evolu t ion  repor ted  in this work.  
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