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Summary 

Spruce leaves greened in darkness were devoid of  three of  the five ther- 
moluminescence bands found for mature leaves. These bands were developed 
rapidly by  exposure of  the dark-grown leaves to cont inuous light. The develop- 
ment  of  these bands was studied by  illumination with repetitive flashes at 
varied intervals. Flashes at intervals of  I s were the most  effective in inducing 
these bands. Those at shorter or longer intervals were less effective. It was 
deduced from these data that  the development  of  these bands is a multi- 
quantum process which involves at least two photo-events with a dark reac- 
tion between them. 

Mature leaves of  higher plants show five thermoluminescence bands 
emit ted at different temperatures [ 1], which were denoted in previous papers 
[2--4] as Zv, A, B,, B2 and C bands. The A, B,, B: and C bands were emitted 
at specific fixed temperatures,  whereas the Zv band was emit ted at a variable 
temperature dependent  on the temperature for excitation of  thermolumines- 
cence by 1-min illumination with red light [3,4].  It was a t tempted in the 
previous s tudy [3] to relate these bands to certain photosynthet ic  activities. 
The measurement  of  the Hill activities of  heat-treated spinach chloroplasts in 
the presence and in the absence of  an artificial electron donor  such as diphenyl- 
carbazide, suggested that  emission of  the A, Bt and B2 bands is linked to the 
presence of  an intact water-splitting system for evolving oxygen or a site 
closely related to the system. 

This view was further confirmed by  the recent observations [4] on 
angiosperm leaves greened under intermittent  illumination or dark-grown 
gymnosperm leaves lacking specifically the oxygen-evolving activity [5--9].  
These leaves emit ted only the Z v and C bands, being completely devoid of  
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the remaining three bands. It was demonstra ted that  these three bands of  A, 
B1 and B~ were rapidly developed by brief exposure of  such leaves to contin- 
uous light, and the development  was accompanied by enhancement  of  
delayed emission, appearance of  fluorescence induction and generation of  
the oxygen-evolving activity. This strongly suggested that  the development  
of  these thermolumineseence bands is one of  the characteristic phenomena 
accompanying the photoact ivat ion of  the latent water-splitting system in 
flashed angiosperm leaves [4] or in dark-grown gymnosperm leaves (unpub- 
lished), and that the three bands A, B1 and B2 developed originate from 
energy storage in the water-splitting system in Photosystem II, whereas the 
other  two bands (the Z v and C bands) are emitted from some other  systems. 

The process of  photoact ivat ion has been studied by  means of  multiple 
flashes with varied intervals by  Radmer  and Cheniae [10] for manganese 
deficient algal cells, and by  Inoue [11] for flashed wheat leaves, and it was 
found that the process involves more than two consecutive photoreact ions 
with a rate-limiting dark reaction between them. These authors measured 
the water-splitting activity or the delayed emission accompanying the activa- 
tion. 

It is demonstrated in the present s tudy that the development  of  the 
above thermoluminescence bands is a mult i-quantum process. Dark-grown 
spruce leaves were illuminated with flashes at varied intervals for this study,  
and the optimal dark interval between successive flashes required for maximal 
activation was determined. 

Spruce seeds (Picea abies L.) were germinated and grown on moist 
vermiculite in darkness at 24 + I°C. The dark green needle-like leaves con- 
taining about  1 ~g chlorophyll /mg fresh weight were picked from the 20 to 
30-day old seedlings, spread on moist  filter paper and then, exposed to 2-~s 
white xenon flashes repeated at uniform intervals from a Sugawara s t roboscope 
model  MSK-1A. The energy per flash on sample leaves was about  2 . 1 0  z ergs/ 
cm ~. The illuminated leaves were cooled to --45°C after 10 min of  dark incuba- 
tion at room temperature,  and then illuminated with strong red light for ex- 
citation of  thermoluminescence.  After  1-min illumination with red light, the 
leaves were cooled to --196°C and heated at a rate of  0.5°C/s. The thermo- 
luminescence from the leaves was measured by the same method as described 
previously [3,4] with a Jasco pho ton  counter  model  KC-200 equipped with 
an EMI photomultiplier,  9659QB, and the digital photon  count  in every 32 
Hz was recorded against leaf temperature  on an X-Y recorder. Isolation of  
chloroplasts from spruce leaves and measurements of  their Hill activity were 
carried out  as described previously according to the method of  Oku et al. [12].  

The top curve in Fig. l a  shows the thermoluminescence profile of  
mature spruce leaves measured after excitation at --45°C; the excitation tem- 
perature was fixed at --45°C throughout  this paper, except  when otherwise 
specified. The profile shows a strong B2 band around +35°C with a B1 shoulder 
around +10°C and weak Zv and C bands around --35 and +70°C, respectively. 
The b o t t o m  curve in Fig. l a  is the profile of  dark-grown spruce leaves, which 
contrasts strikingly to  that  of  mature leaves. In spite of  a considerable con- 
tent  of  chlorophylls (30% of the content  in mature leaves) in the dark-grown 
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Fig. 1. (a),  T h e r m o l u m i n e s c e n c e  prof i l es  o f  spruce  leaves;  m a t u r e  leaves  ( t o p  prof i le) ,  d a r k - g r o w n  
l eaves  ( b o t t o m  prof i l e )  and i l l umina t ed  d a r k - g r o w n  l eaves  (midd le  prof i le ) .  The  e x c i t a t i o n  wa s  m a d e  
by  l - r a in  i l l umina t ion  w i t h  red l ight  (i> 630  n m ,  6 0 0 / ~ W / c m  2 ) a t  - -45°C,  The  darkogrown leaves  w e r e  
i l l umina t ed  for  30  rain w i t h  w e a k  red  l ight  (~> 630  n m ,  2 8 / ~ W / c m  2 ) at r o o m  t e m p e r a t u r e  b e f o r e  
m e a s t t r e m e n t  o f  the  m i d d l e  prof i le .  (b)  D e v e l o p m e n t  o f  t h e r m o l u m i n e s c e n c e  bands  i n d u c e d  b y  flashes 
at va ry i ng  intervals .  Dark-g~own spruce  leaves  w e r e  e x p o s e d  to  6 0 0  f lashes  (2-/~s durat ion ,  2 • 102 ergs/  
c m  2 pe r  f lash)  at r o o m  t e m p e r a t u r e  and the  interval  in d i ca ted  as t d on  e a c h  prof i le  was var ied  
b e t w e e n  10 m s  and  20 s. M e a s u r e m e n t s  of  t h e ~ r n o l u m i n e s c e n c e  prof i l es  w e r e  c a ~ i e d  o u t  under  the  
same  c o n d i t i o n  as the  e x p e r i m e n t s  descr ibed  in (a). 

leaves, their thermoluminescence profile showed only the Zv and C bands 
and was devoid of the B~ and B2 bands. The middle curve, which is the profile 
obtained after exposure to the cont inuous light for 30 min, shows develop- 
ment  of  a strong B2 band around +40°C. The same illuminated leaves, when 
observed by excitation at a higher temperature,  emit ted the B, band as a 
shoulder of  the B2 band. The A band could not  be found in the profiles in 
Fig. la ,  observed at the excitation temperature of - -45°C adopted through- 
out  this experiment.  A separate experiment at a higher excitation temperature 
showed that  this band is emit ted from mature or shortly illuminated dark- 
grown leaves but  not  from dark-grown leaves. 

The curves in Fig. l b  are the profiles obtained for dark-grown spruce 
leaves exposed to the same number  of  flashes repeated at various intervals 
(indicated as td on each profile). The flashes at an interval of t d = 1 s en- 
hanced the B2 band maximally, as seen from the middle profile, while those 
at longer (td = 8 s) or shorter (td = 100 ms) intervals enhanced the band 
much less and those at even longer (td = 20 s) or shorter (td = 10 ms) inter- 
vals showed practically no enhancement.  The Zv and C bands remained un- 
changed during this enhancement.  The curve drawn through solid circles in 
Fig. 2 shows the dependency of  the development  of  the B2 thermolumines- 
cence band on the flash interval. The height of  the B2 band thus developed 
by 600 flashes at uniform intervals was plot ted against the dark interval. 
The height became maximal around td = 1 s, and dropped steeply at shorter 
intervals and gradually at longer intervals. This result indicates that  the devel- 
opment  of  thermoluminescence B2 band is a mult i-quantum process involving 
at least two photoreactions.  The steep drop at shorter intervals implies that  
the process involves a rate-limiting dark reaction, and the gradual drop at 
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Fig. 2. Ef fec t s  o f  the  dark in te rva l  on  the  d e v e l o p m e n t  of  t h e r m o l u m i n e s c e n c e  bands  and the  degree  
of  gene ra t i on  o f  the  Hill ac t iv i ty  in daxk-grown sp ruce  leaves dur ing  flash i l lumina t ion .So l id  circles 
along  the  be l l - shaped sol id curve  s h o w  the  re la t ive  he igh t  o f  the  B~ band generated  in d a r k - g r o w n  
leaves a f t e r  exposu re  t o  6 0 0  f lashes  at  var ied  in tervals ,  a nd  e s t i m a t e d  o n  the  prof i les  s h o w n  in Fig. l b .  
A ~, the  Hill ac t iv i ty  of  the  ch lorop las t s  i so la ted  f r o m  the  leaves e x p o s e d  to  flashes. A-- - -  --A and 
A . . . . .  A s h o w  the  act iv i ty  of  C12Ind p h o t o r e d u c t i o n  in the  p resence  of  d i p h e n y l c a r b a z i d e  (0.5 raM) 
and  di pheny l carbaz i de  plus D C M U  (50/~M),  respec t ive ly .  

longer intervals indicates that  an intermediate generated by the first photo- 
reaction decays during the dark interval unless it is further converted to the 
final active state by  the next  flash. 

A similar experiment was carried out  by measuring the Hill activity of  
the chloroplasts. The chloroplasts isolated from dark-grown spruce leaves 
showed considerable activity (200 pmol /mg chlorophyll ,  h) of  C12Ind 
(2,6-dichlorophenolindophenol) photoreduct ion  with diphenylcarbazide as 
electron donor,  but  showed a very weak activity with water as electron donor  
to split water to evolve oxygen (25 pmol /mg chlorophyll-  h). This indicates 
that  Photosystem II in such chloroplasts bears some defects in its water- 
splitting site, while the reaction center has been developed almost completely.  
In fact, the water-splitting activity was rapidly generated by brief exposure of  
the dark-grown leaves to cont inuous light or to repetitive flashes. In the 
experiment with flashes, the water-splitting capacity was generated in parallel 
with the flash number  and reached saturation above 2000 flashes (dark interval, 
t d = 1 s). The activity on the saturation level was about  200 pmol /mg 
chlorophyll-  h, which is similar to the activity with diphenylcarbazide found 
for dark-grown chloroplasts. The open triangles in Fig. 2 show the depen-. 
dency of  the yield of  the photoact ivat ion of  the water-splitting capacity on 
the flash interval. The activity generated by 600 flashes was plot ted at an 
appropriate relative scale against the dark interval between successive flashes. 
Almost all of the triangles thus plot ted are located on the curve drawn from 
the data of thermoluminescence,  showing a bell-shaped response with a max- 
imum around td = 1 s. Similar agreement between water-splitting activity and 
thermoluminescence was obtained previously for intermittently flashed 
wheat leaves [2 ,11] ,  which indicated that  also here the process involves 
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more than two consecutive photoreactions with a rate-limiting dark reaction 
between them. 

It was confirmed from these data that the process of development of 
the thermoluminescence B2 band in dark-grown spruce leaves is a multi- 
quantum process as well as the process of photoactivation of their latent 
water-splitting system. Judging from the similar responses of thermolumines- 
cence, delayed emission, fluorescence variation and the Hill activity to 
repetitive flashes found in the present and previous papers [ 8,12], these four 
phenomena may originate from the same structural changes induced by light 
in the water-splitting system via a multi-quantum process. Structural or 
valency changes in manganese catalyst in the water-splitting system have been 
suggested by Cheniae and Martin [14--16] to be involved in the process of 
photoactivation in manganese deficient algal cells, and the process has also 
been shown to involve two quantum reaction. All these results lead us to 
conclude that the activated manganese catalysts are a possible trapping site 
for the emission of the thermoluminescence B2 band observed by excitation 
at --45°C and also for the A and BI bands observed at higher excitation tem- 
peratures. 
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