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Summary 

The heat-induced changes of chlorophyll fluorescence excitation and emis- 
sion properties were studied in isolated chloroplasts of  Larrea divaricata Cav. 
An analysis of  the temperature dependency of  fluorescence, under Fo and 
Fmax conditions, of  temperature-jump fluorescence induction kinetics, and of 
77°K emission spectra of  preheated chloroplasts revealed two major compo- 
nents in the heat-induced fluorescence changes: (1) a fluorescence rise, reflect- 
ing the block of  Photosystem II reaction centers; and (2} a fluorescence 
decrease, caused by the functional separation of  light-harvesting pigment pro- 
tein complex from the rest of  the pigment system. Preferential excitation of 
chlorophyll a around 420 nm, produces a predominant fluorescence rise. 
Preferential excitation of chlorophyll b, at 480 nm, gives a predominant  fluo- 
rescence decrease. It is proposed that the overlapping of  the fluorescence 
decrease on the somewhat  faster fluorescence rise, results in the biphasic fluor- 
escence rise kinetics observed in isolated chloroplasts. Both the rise component  
and the decay component  are affected by the thermal stability of  the chloro- 
plasts, acquired during growth of  the plants in different thermal environments. 
Mg 2÷ enhances the stability against heat-damage expressed in the decrease com- 
ponent,  but  has no effect  on the rise component .  Heat pretreatment leads to a 
decrease of  the variable fluorescence in the light-induced 3-(3,4-dichloro- 
phenyl)- l , l -dimethylurea (DCMU} rise curve, but  no change in half-rise time 
is observed. It is concluded that the block of  Photosystem II reaction centers 
precedes the loss of  the light-harvesting pigment protein complex. However, the 
approximately antiparallel heat-induced Fma x decrease and F o increase suggest 
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a common cause for the two events. A heat-induced perturbation of  the 
thylakoid membrane is discussed. 

Introduction 

A heat-induced rise in chlorophyll  fluorescence in Chlorella was first 
reported by Lavorel [1]. Studies performed with unicellular algae [2--4] and 
intact leaf tissue [2,5] have revealed several components  in the heat-induced 
fluorescence changes. These changes of  fluorescence do not  require light and 
are unlikely to involve redox changes of  the primary System II acceptor Q. In 
this respect, a different kind of  information is gained than with measurements 
of  the effects of  temperature or heat pretreatment on light-induced fluores- 
cence changes, reported in the literature (see e.g. refs. 6--8). While there pri- 
marily temperature effects or heat damage at the electron transport level is 
recorded, our heat-induced fluorescence changes reflect primarily heat-induced 
changes at the pigment level. The threshold temperature at which a marked 
fluorescence increase occurs was found to correlate with the onset of  heat- 
induced inhibition of  photosynthesis [3,5,9]. These studies showed that at 
least some aspects of  primary heat damage are related to properties of  the 
thylakoid membrane. Furthermore,  observed shifts of  the threshold tempera- 
ture for the fluorescence transition with acclimation of plants to higher tem- 
perature [2,5,9] suggested that membrane properties can change when growth 
temperature is changed. 

In the present s tudy we investigated the mechanisms of  heat-induced fluores- 
cence changes by an analysis of  the effect  of  heat on the chlorophyll fluores- 
cence excitation and emission properties. It will be shown that the heat- 
induced fluorescence changes consist of  two major components:  (1) a fluores- 
cence increase caused by  inhibition of  energy conversion at Photosystem II 
reaction centers, and (2) a fluorescence decrease, caused by a block of  energy 
transfer between chlorophyll b (Chl b) and chlorophyll a (Chl a), and by func- 
tional separation of  the light-harvesting pigment protein complex from the rest 
of the pigment system. 

Materials and Methods 

Chloroplasts were isolated from Larrea divaricata Cav., a desert shrub, which 
displays extraordinary heat- and water-stress resistance [10]. L. divaricata was 
chosen for this study, since its isolated chloroplasts show large heat-induced 
fluorescence changes almost identical to those of  the intact leaf. The resinous 
components  present in L. divaricata required a special isolation procedure, 
which is described elsewhere [9]. L. divaricata plants were grown in controlled 
temperature facilities at 20 ° C/15 ° C, 32 ° C/25 ° C or 45 ° C/33 ° C day/night tem- 
peratures. The results presented in the figures are for 32 ° C/25°C plants. 

Heat-induced fluorescence changes were measured in a system which allowed 
rapid heating (within 2 s; T-jump curves) or slow heating (at about  l°C/min;  
F-T curves), as described previously [3--5].  If not  stated otherwise, fluores- 
cence was measured at wavelengths longer than 660 nm (Coming 2-64). The 
measuring apparatus was modified for monochromatic  excitation with a mono- 
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chromator (Jarrel Ash, model 82-410) and a coupled fiberbundle. Liquid nitro- 
gen temperature fluorescence emission spectra were recorded with a Perkin- 
Elmer fluorescence spectrophotometer model MPF-3L. Heat pretreatment was 
generally in the dark, or in extremely weak measuring light (1 erg • cm -2 • s -1). 
If not  stated otherwise, chloroplasts were containing about 10 pg chlorophyll/ 
ml. 

Results and Discussion 

Heat- induced f luorescence changes under  F o and Fma x condi t ions  
To study the effect of temperature at the pigment level, it is necessary to 

eliminate the influence of photosynthetic electron transport reactions on the 
fluorescence yield. Such influences are minimized: (1) with all Photosystem 
II reaction centers open (by use of an extremely weak excitation light [4], 
yielding minimum fluorescence, Fo), (2) with all Photosystem II reaction cen- 
ters closed (by application of DCMU, NH2OH and relatively strong excitation 
light [3,11], resulting in the maximum level of fluorescence, Fmax). Fig. 1 
compares heat-induced changes of chlorophyll fluorescence under Fo and Fmax 
conditions, and for fluorescence excitation with 430 or 480 nm light during 
slow heating. Under Fo conditions, there is a marked, heat-induced fluores- 
cence increase with 430 nm excitation, and a less pronounced increase, fol- 
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Fig .  1. F l u o r e s c e n c e - t e m p e r a t u r e  d e p e n d e n c y  ( F - T  c u r v e s )  m e a s u r e d  u n d e r  F o a n d  F m a  x c o n d i t i o n s .  
D i f f e r e n c e s  b e t w e e n  4 3 0  a n d  4 8 0  n m  e x c i t a t i o n .  C h l o r o p l a s t s  were  h e a t e d  a t  a r a t e  o f  a b o u t  l ° C / m i n ,  

a n d  f l u o r e s c e n c e  (k  > 6 6 0  n m )  was  m e a s u r e d  a t  t h e  g i v e n  t empera tures .  M o n o c h r o m a t i c  m e a s u r i n g  l i g h t ,  

8 n m  h a l f - b a n d  w i d t h ;  i n t e n s i t y :  f o r  F o ,  1 erg • c m - 2  . s - I ,  f o r  F m a x ,  3 0 0  erg  - c m  -2 • s -1.  F o l eve l s  o f  al l  

s a m p l e s  we re  n o r m a l i z e d  t o  g ive  o n e  r e l a t i v e  u n i t .  T h e  F m a  x s t a t e  was  r e a c h e d  b y  a d d i t i o n  o f  10  -5 M 
D C M U  a n d  10  -3 M N H 2 O H  , a n d  1 r a i n  i l l u m i n a t i o n  p r i o r  t o  h e a t i n g .  
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lowed by a decay, with 480 nm excitation. In contrast, under Fmax conditions, 
heating causes a decrease of  fluorescence. This decrease of  Fma x is much more 
pronounced with 480 nm excitation than with 430 nm excitation. With both 
excitation wavelengths, convergence of  the Fo and F ~ x  curves at elevated tem- 
peratures is observed. 

The approximately antiparallel course of  the Fo-T and F ~ - T  curves sug- 
gests that  the heat-induced rise in Fo and the decrease in F ~  are caused by 
the same basic change within the chloroplast. The eventual convergence of  the 
curves suggests that  heating leads to a situation which is similar to that reached 
by illumination in the presence of  DCMU, i.e. a "b lock"  of  Photosystem II 
centers. 

The way by which this "b lock"  is achieved upon heating is not  evident. It is 
unlikely to involve reduction of  the primary acceptor Q, as in the presence of  
DCMU in the light, because the measuring light is extremely weak. Also it was 
observed that  far-red background illumination does not  prevent the heat- 
induced rise of Fo [4]. Without knowledge of  the specific mechanism involved, 
one may assume that  heating causes a functional separation of  Q from the 
primary donor P-680. With respect to fluorescence yield, a block of  centers (i.e. 
of  energy conversion) due to Q being reduced and a block caused by disconnec- 
tion of Q from P-680 should be equivalent. 

Besides this postulated effect  of  heat on the reaction centers, there is an 
additional effect  that  induces a decrease of  fluorescence. Apparently, at ele- 
vated temperatures, 480 nm light absorbed preferentially by Chl b becomes 
much less effective in exciting Chl a fluorescence than 430 nm light, most  of  
which is absorbed directly by Chl a. 

Dependence of heat-induced fluorescence changes on wavelength of excitation 
The excitation wavelength dependency of  the heat-induced fluorescence 

changes is also evident in the T-jump fluorescence induction kinetics. This 
dependency is shown for Fo conditions in Fig. 2. When the fluorescence is 
excited by 430 nm light, heating induces a large biphasic fluorescence rise; 
480 nm excitation only produces the first rise phase. The initial rise phases are 
practically identical for all excitation wavelengths. The extent  of  the second 
rise phase was measured as a function of  excitation wavelength. The corre- 
sponding spectrum is depicted in Fig. 3 and shows a general decline with 
increasing wavelength and shoulders at 440 and 450 nm. The extent  of  the 
second rise phase is apparently determined by the degree of  absorption by 
Chl a relative to that by Chl b. This interpretation explains the unusual shape 
of  the spectrum, e.g. the increase from 420 to 400 nm appears to reflect an 
increase in the Chl a/Chl b absorption ratio. 

It can be expected that  the heat-induced fluorescence changes are to a cer- 
tain extent  also affected by heat-induced changes of  absorption. Godnev and 
Efremova [12] reported shifts of  the red absorption peak in vivo towards 
shorter wavelengths upon heating. We did observe heat-induced changes of 
absorption in the 400--700 nm region in the order of  10% (not in the figures). 
These absorption changes occur simultaneously with the fluorescence changes, 
and appear therefore to be caused by the same heat-induced changes within the 
pigment system. However, the large difference in the relative changes (10% in 
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e x c i t a t i o n  w a v e l e n g t h s  t h e  F o l e v e l  was  a d j u s t e d  a t  2 5 ° C  t o  o n e  r e l a t i v e  u n i t ,  b y  a p p r o p r i a t e  c h a n g e  o f  
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l e n g t h .  C o n d i t i o n s  as in  F ig .  2. 
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T A B L E  I 

R A T I O S  O F  T H E  R E L A T I V E  C H L O R O P H Y L L  F L U O R E S C E N C E  I N T E N S I T Y  U N D E R  F 0 C O N D I -  
T I O N S  W I T H  430  A N D  4 8 0  n m  E X C I T A T I O N ,  AS F U N C T I O N  O F  T H E  T E M P E R A T U R E  O F  M E A -  

S U R E M E N T  A N D  O F  G R O W T H  T E M P E R A T U R E  

F luo r e scen ce  ( F 0 )  m e a s u r e d  at  w a v e l e n g t h s  l onge r  t h a n  6 6 0  n m .  Measur ing  l ight  in t ens i t i e s ,  a b o u t  1 erg • 
cm -2 • s -1. H ea t i n g  was  p e r f o r m e d  as in  Fig.  1 ; t he  t e m p e r a t u r e s  of  m e a s u r e m e n t  c o r r e s p o n d  to the  cor-  
r e s p o n d i n g  t e m p e r a t u r e s  in a Fo-T curve .  R a t i o s  for  n o n - h e a t e d  ch lo rop la s t s  a t  25°C were  1 .00 b y  nor-  

rea l iza t ion .  

G r o w t h  t e m p e r a t u r e  

(°C) 
Fluo re scence  exc i t ed  by  430  a m  

F luo re scence  exc i t ed  by  480  n m  

T e m p e r a t u r e  o f  m e a s u r e m e n t  

35°C 40°C 45°C 50°C 55°C 

20 1 .30 1 .70 2 .06 2 .14 2.86 

32 1 .20 1 .52 1.71 1 .88 1 .97 
45  1 .00 1 .08 1.16 1 .20 1.11 

absorption; 300% in fluorescence) excludes the possibility that  a substantial 
part of  the fluorescence changes is due to changes in absorbed light intensity. 

The differences in heat-induced fluorescence changes observed with 430 
or 480 nm excitation are dependent  upon the growth temperature of  the plants 
from which chloroplasts were isolated. Table I gives the ratios of  relative fluo- 
rescence intensity excited by 430 and 480 nm light, in relation to the heating 
temperature,  for chloroplasts isolated from plants grown at different tempera- 
tures. In general, the excitation wavelength dependency,  and presumably also 
the correlated heat damage, are less pronounced at higher growth temperatures. 

The kinetics o f  the T-jump induction under F o conditions 
An analysis of  the polyphasic T-jump induction curves in whole cells of  

Scenedesmus obliquus has been previously presented [4]. The T-jump kinetics 
observed in isolated chloroplasts for F o fluorescence are less complex, primarily 
because anaerobic induction [13,14] is prevented in the absence of  heat- 
stimulated dark respiration. In isolated chloroplasts the kinetics are essentially 
biphasic. 

In Fig. 2 it was shown that with 480 nm excitation there is practically no 
second rise phase. However, when the T-jump is to temperatures exceeding 
52°C, even with 480 nm excitation more than a single rise phase is observed. 
As depicted in Fig. 4, with T-jumps to 55--61°C, the rapid first phase is fol- 
lowed by a dip and a much slower second rise phase. Presumably, the decrease 
of  fluorescence expressed in the dip of  the T-jump curve, and the decrease of  
fluorescence observed in an Fmax'T curve, reflect the same heat-induced pro- 
cess. The existence of  such a fluorescence decrease component ,  which is most  
prominent  with 480 nm excitation, suggests that the two phases in the T-jump 
curves are caused by the overlapping of  a fluorescence rise and a fluorescence 
decrease. The rise is predominant  with Chl a excitation, whereas with excitation 
of  Chl b the decay is predominant.  If this interpretation is correct, the event 
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Fig.  4 .  K ine t i c s  on  h e a t - i n d u c e d  f l u o r e s c e n c e  c h a n g e s  u p o n  T - j u m p  to  55,  5 8  a n d  6 1 ° C .  F l u o r e s c e n c e  is 
e x c i t e d  b y  4 8 0  n m  m e a s u r i n g  b e a m .  O t h e r  c o n d i t i o n s  as in Fig.  2. 

which causes the fluorescence rise occurs somewhat earlier than the one which 
causes the fluorescence decay. 

Fig. 5 shows the effect of Mg 2÷ depletion on the T-jump induction kinetics. 
In the absence of Mg 2÷, the second rise phase is depressed, while the rapid rise 
phase is not affected. We conclude that the presence of  Mg 2÷ provides some sta- 
bilization against that component of heat damage which is expressed in the 
heat-induced fluorescence decrease. On the other hand it appears that Mg 2÷ has 
no particular effect on the component of  heat damage which is reflected in the 
fluorescence rise. 

Growth temperature of  the plants from which the chloroplasts were isolated 
have a marked influence on the kinetics of  the Fo-T-jump curves. In chloro- 
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Fig 5. E f f e c t  o f  Mg  2+ d e p l e t i o n  o n  the  k ine t i c s  o f  the  h e a t - i n d u c e d  f l u o r e s c e n c e  rise u p o n  a T - j u m p  to  
5 3 ° C .  Mg 2+ d e p l e t i o n  w a s  b y  w a s h i n g  t h e  ch l orop l as t s  in 1 0  m M  E D T A ,  and  r e s u s p e n d i n g  t h e m  in Mg 2+- 
f ree  buf f er .  R e - a d d i t i o n  o f  Mg 2+ (5 m M )  gave the  + M g  2+ s a m p l e .  O t h e r  c o n d i t i o n s  as in Fig.  2. 
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plasts isolated from 45°C grown plants, a predominant  first phase and only a 
small second rise phase or none is observed with 430 nm excitation. The situa- 
tion is reversed with chloroplasts from 20°C grown plants, i.e. the first phase is 
small and the second phase is large. In 32°C chloroplasts an intermediate situa- 
tion was found (see Fig. 2). This behavior is in agreement with the above inter- 
pretation of  the two rise phases (an overlapping of  a fluorescence increasing 
and a fluorescence decreasing process). Adaptation to higher growth tempera- 
tures appears to involve an increased stability with respect to the fluorescence 
decreasing process. In the chloroplasts of  the 45°C grown plants, the decay 
component  appears to be almost absent (see also Table I). However, the heat 
damage expressed in the fluorescence rise is also affected by adaptation to dif- 
ferent growth temperature,  as indicated by the observed shifts of  the threshold 
temperatures for the fluorescence transition in Fo-T curves to higher values 
with increased growth temperatures [3,5,9]. 

We observed that in most plants the heat-induced fluorescence rise is much 
smaller in isolated chloroplasts than in the intact leaf. On the other hand the 
heat-induced fluorescence decay is more pronounced in isolated chloroplasts 
than in the leaves. We believe that this finding can be explained by a decrease in 
heat stability of the chloroplasts upon isolation. As shown above, heat stability 
protects from the fluorescence decay component .  In spinach chloroplasts, even 
with 420 nm excitation, the heat-induced fluorescence rise is only one-fourth 
of  that  found in the intact leaf. We choose Larrea chloroplasts for our study, 
because the isolated chloroplasts show approximately the same heat-induced 
fluorescence changes as in the intact leaf. It appears that Larrea chloroplasts 
exhibit extraordinary intactness and heat stability, presumably due to the orig- 
inal desert habitat of  the plant. 

Heat-induced changes of  the low temperature emission spectra 
To investigate further the heat-induced changes at the pigment level, chloro- 

plasts were first heated, then frozen in liquid nitrogen and the chlorophyll 
emission spectra measured. In contrast to the behavior of  intact cells [2--5],  
only a small part of  the heat-induced fluorescence changes in isolated chloro- 
plasts is reversible upon recooling. After 5 min heat pretreatment at 52 ° C, the 
changes are completely irreversible (not shown in the figures) and thus can be 
analyzed at 77 K. Fig. 6 shows 77 K emission spectra with 420 nm (Fig. 6A) 
and 480 nm excitation (Fig. 6B) for heated and non-heated chloroplasts, and 
the resulting difference spectra (Fig. 6C). Heat t reatment caused the following 
spectral changes: (1) Long wavelength emission near 735 nm is significantly 
suppressed. Brown [15] observed a similar heat-induced suppression of  long 
wavelength emission in Ochromonas danica. (2) The composit ion of  short 
wavelength emission is changed; 685 nm emission is suppressed, particularly 
with 480 nm excitation; 693 nm emission is stimulated, particularly with 
420 nm excitation; new emission bands emerge at shorter wavelengths, leading 
to a shoulder at 673 nm with 420 nm excitation, and a peak at 660 nm with 
480 nm excitation. (3) Emission is stimulated in a broad band centering around 
705 nm, both with 420 and 480 nm excitation. (4) The overall fluorescence 
yield is reduced by the heat treatment,  particularly with 480 nm excitation. 

To characterize the dependency of  the heat-induced spectral changes with 



146 

I , , ' I , I , T 

t ' l  A 

m 

~-gO nm e xcifafion 

C 

~- 0 

g 
g 

~uu - I -  

a~ -2  

650 700 750 

WQvelengfh, nm 

Fig .  6. E f f e c t  o f  h e a t  p r e t r e a t m e n t  o n  t h e  e m i s s i o n  s p e c t r a  a t  77 K. T h e  c h l o r o p l a s t s  were  h e a t e d  fo~ 

5 r a in  a t  52~C,  S P e c t r a  o f  c o n t r o l  a n d  h e a t e d  s a m p l e s  (A,  B) we re  r e c o r d e d  w i t h  i d e n t i c a l  m e a s u r i n g  
s e n s i t i v i t y .  H a l f - b a n d  w i d t h  o f  e x c i t a t i o n ,  5 n m ;  h a l f - b a n d  w i d t h  o f  e m i s s i o n ,  3 n m .  T h e  d i f f e r e n c e  

spectra  (C) w e r e  c a l c u l a t e d  f r o m  t h e  e m i s s i o n  s p e c t r a  (A ,  B). C h l o r o p h y l l  c o n c e n t r a t i o n ,  2 p g  C h l o r o .  
p h y l l / m l .  

increasing pretreatment temperature, chloroplasts were slowly heated from 25 
to 65°C (at about l °C/min) ,  aliquots removed at given temperatures, rapidly 
frozen in liquid nitrogen and the emission spectra measured. With this proce- 
dure, heat treatment of  the chloroplasts was essentially identical to that used 
for the measurements of  the F-T curves (see e.g. Fig. 1). In Fig. 7 the observed 
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rapidly f r o z e n  in l i qu id  n i t r o g e n .  The  emis s ion  s p e c t r a  were  recorded  and the e m i s s i o n  r a t i o s  deter-  
m i n e d .  E x c i t a t i o n  w a v e l e n g t h ,  4 3 0  n m .  Other c o n d i t i o n s  as in Fig .  6. 

emission ratio F6ss/F73s is plot ted vs. pretreatment  temperature.  By compar- 
ison with Fig. 1 it is evident that the heat-induced spectral changes observed at 
77 K are caused by the same heat-induced changes within the chloroplast as the 
fluorescence changes observed at the elevated temperatures measured in an F-T 
curve. 

Interpretation of the heat-induced changes in the emission spectra 
To interpret heat-induced changes in the 77 K emission spectra, it is impor- 

tant to note that  the conditions of  the spectra recording are such to induce a 
complete  block of  Photosystem II reaction centers. This block is caused by the 
irreversible reduction of  the Photosystem II acceptor Q in the relatively strong 
excitation light [16,17].  Since the measuring conditions as such induce a rise of  
fluorescence to Fmax, 77 K emission spectra are particularly suited to character- 
ize the heat-induced changes expressed in Fmax'T curves (see Fig. 1). It is 
apparent from the spectra in Fig. 6 that  heat pretreatment,  which about  
tripled the Fo yield at the elevated temperature (Fig. 2), rather decreased the 
overall emission at 77 K. In agreement with conclusions drawn above (see 
discussion of  Fig. 1), this finding can be explained by the assumption that the 
heat-induced increase in F o reflects inhibition of  energy conversion at 
System II centers, which may be caused by a functional separation of  the 
primary electron acceptor Q from the primary electron donor  P-680. As the 
77 K spectra are recorded under conditions of  System II centers being per se 
completely blocked, a block of  centers by heat pretreatment should be difficult 
to distinguish, unless this is accompanied by some specific spectral changes. In 
principle, heating could also cause a fluorescence increase by physical changes 
in the de-excitation rate constants. Such changes would, however, be expected 
to affect Fo and/'max in the same direction. 

The data in Figs. 1 and 6 demonstrate  that  when all Photosystem II reaction 
centers are blocked, heating induces a substantial decrease in fluorescence, both  
at the elevated temperature and when assayed at 77 K after heat pretreatment.  
The 77 K spectra reveal that  the loss of  fluorescence emission is centered 
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around 685 and 735 nm. These are the predominant changes, when excitation 
is at 480 rim; with 420 nm excitation, there is also a sizeable gain in emission 
around 693 and 705 nm. According to Butler and Kitajima [18], F 685 origi- 
nates from the light-harvesting pigment complex, F 693 from pigment Sys- 
tem II and F 735 from pigment System I. The origin of  F 705 is not  clear, but 
it could derive from non-functional System II centers. The heat-induced short 
wavelength emission peak at 660 nm, which is only observed with 480 nm exci- 
tation, represents Chl b fluorescence [19]. The concomitantly appearing new 
emission band around 673 nm appears to originate from some short wavelength 
absorbing Chl a species, likely to be associated with Chl b. 

All of Chl b is known to be in an approx. 1 : 1 complex with Chl a in the 
light-harvesting pigment protein complex [20,21]. In a non-heated chloroplast 
the efficiency of energy transfer from Chl b to Chl a is close to 100%, and no 
Chl b fluorescence is observed. The emergence of 660 nm fluorescence indi- 
cates that  one aspect of heat damage is a loss of energy transfer efficiency 
between Chl b and Chl a. It is important  to point out  that  substantial distur- 
bance of energy transfer efficiency occurs in a temperature region where light- 
saturated whole chain electron transport in the isolated chloroplasts is still 
unaffected [9]. A block between Chl b and Chl a explains: (a) emergence of 
F 660; (b) loss of F 735; as less energy is reaching the Photosystem I pigment 
complex; (c) loss of F 685; as less energy is reaching Chl a. However, with a 
block of energy transfer between Chl b and Chl a alone it is difficult to explain: 
(1) The stimulation of F 693 and F 705, observed primarily with Chl a excita- 
tion; loss of Chl b to Chl a transfer should rather lead to a decrease of F 693. 
(2) The fact, that  suppression of  F 735 occurs to almost the same extent, 
regardless of whether excitation is at 420 or 480 nm; if there were only loss of 
Chl b to Chl a transfer, one would expect a substantially larger suppression of 
F 735 with 480 nm excitation than with 420 nm excitation. We believe that  
these two aspects can be accounted for in the model proposed by Butler and 
Kitajima [18]. According to this model a predominant part of F 735 is excited 
by energy transfered from Photosystem II, when the System II centers are 
closed. Possibly, pigment System II units, the reaction centers of which are 
blocked by heat, have lost the capacity of transferring energy to pigment 
System I. Instead, the energy may be emitted from pigment System II around 
693 nm, or possibly by the centers themselves, which could be the origin of 
F 705. 

It appears likely that  not  only Chl b to Chl a energy transfer, but also energy 
transfer between the light-harvesting pigment complex and the reaction center 
complexes is impaired by heat treatment.  This conclusion is particularly sup- 
ported by the data in Fig. 5, where it was shown that  Mg 2÷ depletion enhances 
the differences in heat-induced fluorescence between 430 and 480 nm excita- 
tion. In a model of the photosynthetic  unit  advanced by Armond et al. [22], 
the light-harvesting complex is closely associated with Photosystem II, and 
Mg :÷ is believed to regulate the extent  of interaction between the two photo- 
systems [23]. Mg 2÷ appears to stabilize the association of the light-harvesting 
complex with the pigment System II complex, and thus counteracts the postu- 
lated effect of heat. Whether there is a true release of the light-harvesting com- 
plex upon heating remains uncertain. However, it can be assumed that  the 
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observed block of  energy transfer between Chl b and Chl a leads to a situation 
which is equivalent to a practical loss of  the light-harvesting complex, i.e. the 
functional separation of the light-harvesting complex from the reaction center 
complexes. 

If the above conclusions are correct, two major heat-induced events can be 
identified by  the analysis of the heat-induced fluorescence changes: (1) the 
inhibition of energy conversion at System II reaction centers, and (2) the func- 
tional separation of the light-harvesting complex from the rest of  the pigment 
system. It is the first event which causes the heat-induced fluorescence rise. The 
second event causes the heat-induced fluorescence decrease. 

Effect o f  heat pretreatment on kinetics o f  light-induced fluorescence rise in the 
presence o f  DCMU 

When dark-adapted chloroplasts are illuminated in the presence of  DCMU, 
fluorescence rises from an initial level Fo to a maximum level Fmax. At low 
temperatures (0--10°C) and in the presence of  NH2OH, this fluorescence rise 
reflects the light-driven, irreversible block of  System II reaction centers by 
reduction of  the primary acceptor Q [16,24].  As shown in Fig. 8, heat pretreat- 
ment  causes substantial changes of extent  and kinetics of  the light induced 
fluorescence rise in the presence of  DCMU. The heat pretreatment  was the 
same as in the recording of  an F-T curve (see Fig. 1) with rapid recooling at 
various points in the curve. The effect of heat pretreatment on the DCMU rise 
curves can be summarized as follows: (1) Fo levels undergo essentially the same 
change as in the Fo-T curves, for both 430 and 480 nm excitation. (2) Fma~ 
levels decline, but  much more with excitation at 480 nm than at 430 nm. 
(3) The amplitude of the light-induced variable fluorescence decreases with 
increasing pretreatment temperatures. The extent  to which the variable fluores- 
cence is reduced is about  the same for 430 and 480 nm excitation. (4) Sig- 
moidicity of  the rise is lost between 45 and 50°C pretreatment  temperatures. 
(5) The half-rise time of  the curves is virtually unaffected by the heat pretreat- 
ment. 

These results complement  the information gained from the F-T curves 
(Fig. 1), T-jump curves (Figs. 2, 4 and 5) and emission spectra (Fig. 6). The 
increase of Fo and the loss of  variable fluorescence, which were also observed 
by Murata [7], indicate heat-induced block of System II reaction centers. The 
decrease in F~ax, particularly pronounced when Chl b is excited, reflects the 
functional disconnection of  the light-harvesting complex from the reaction cen- 
ter complexes. The loss of sigmoidicity suggests that  the cooperation between 
System II reaction centers by interunit energy transfer [22] is disturbed. But 
it is also possible that  the loss of  sigmoidicity is a consequence of  the increase 
in Fo, by which the starting point  of the induction curve is raised above the 
inflexion point  in a control curve. 

The fact that the half-rise time of  DCMU rise curves is not  affected by the 
heat t reatment may appear to be in contradiction to the hypothesis of  a heat- 
induced loss of  the light-harvesting complex. One could argue that the con- 
stancy of  tl/2 reflects unchanged photosynthet ic  unit size. However,  the two 
aspects can be reconciled with each other, if it is assumed that within a single 
unit (i.e. pigment system and reaction center) the heat-induced block of  Photo- 
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Fig.  8. K ine t i c s  of  the  l i gh t - induced  f luorescence  rise in  the  p resence  of  D C M U  as a f u n c t i o n  o f  p re t rea t -  

m e n t  t e m p e r a t u r e .  D C M U  c o n c e n t r a t i o n ,  5 • 10 -6 M; also N H 2 O H  was  p r e s e n t  a t  10 -3 M; the  c uve t t e  

t e m p e r a t u r e  was  m a i n t a i n e d  at  5°C.  Ch lo rop las t s  were  s lowly h e a t e d  ( a b o u t  l ° C / m i n )  f r o m  25 to  60°C.  

A l iquo t s  were  r e m o v e d  a t  g iven  in te rva l s  and  rap id ly  coo led  to  5°C. The  i n h i b i t o r s  were  a d d e d  in com-  

ple te  d a r k n e s s  and  the  l i gh t - induced  f luorescence  rise m e a s u r e d  a f t e r  5 m i n  i n c u b a t i o n  of  the  inh ib i to r s .  

F o levels for  the  con t ro l s ,  w i t h o u t  i n h i b i t o r s  p resen t ,  were  a d j u s t e d  to  be one re la t ive  un i t .  Measur ing  

l igh t  i n t e n s i t y ,  fo r  4 3 0  and  480  n m  e x c i t a t i o n ,  a b o u t  300  ergs • c m  -2 • s - !  . 

system II centers precedes the loss of the light-harvesting complex. The results 
presented above in Figs. 4 and 5 suggest that  the block of  Photosystem II cen- 
ters is indeed initiated somewhat  earlier than the disconnection of  the light- 
harvesting complex. This conclusion was further confirmed by the finding that 
77 K emission spectra were nearly identical with 420 and 480 nm excitation, as 
long as heating did not  exceed the first phase in a T-jump curve (not shown in 
the figures). 

Conclusions 

The above analysis of  the heat-induced changes in chlorophyll fluorescence 
excitation and emission properties has revealed two major components  of  
primary heat-damage within the chloroplast. The first is a heat-induced block 
of  Photosystem II reaction centers, which is reflected in: (1) the heat-induced 
fluorescence rise under Fo conditions (Figs. 1, 2 and 8); (2) the stimulation of  
F 693 at 77 K (Fig. 6); (3) the loss of  variable fluorescence, observed in the 
light-induced DCMU rise curves (Fig. 8). The second is a heat-induced block of 
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Chl b to Chl a energy transfer, resulting in a functional disconnection of  the 
light-harvesting complex from the reaction center complexes,  which is reflected 
in: (1) the heat-induced decrease of  fluorescence under Fmax conditions 
(Fig. 1); (2) the suppression of  the heat-induced rise in Fo (Figs. 2--5, and 
Table I); (3) the stimulation of  Chl b fluorescence at 660 nm, measured at 77 K 
(Fig. 6); (4) the loss in emission around 685 nm and 735 nm at 77 K. The fact 
that Fo-T and Fmax-T curves are approximately antiparallel, suggests that these 
two major components  of  primary heat damage are induced within the same 
temperature region. Therefore, it appears likely that both have a c o m m o n  
cause, presumably some heat-induced perturbation of  the thylakoid membrane, 
with which both the reaction centers and the light-harvesting complex are 
closely associated. This conclusion is not  contradicted by our interpretation of  
the T-jump fluorescence rise kinetics (Figs. 2, 4 and 5), and our interpretation 
of  the constancy of  t~/2 in the DCMU rise curves (Fig. 8), where it was argued 
that the heat-induced block of  Photosystem II centers does slightly precede the 
loss of  the light-harvesting complex.  It is conceivable that a c o m m o n  cause, 
e.g. a thylakoid membrane conformational change, can affect the two events 
with somewhat different rates. While our experimental approach detects specif- 
ically heat damage at the pigment level, the same heat-induced changes of  
thykaloid membrane properties which cause these pigment changes, may also 
lead to denaturation of  associated enzymes. In this sense, the measurement 
of  Fo-T and F~ax-T curves constitute a rapid and easy assay for evaluating heat 
damage and heat stability in plants, and also can be expected to give additional 
insight into the mechanism of  thermal adaptation. 
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