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S U M M A R Y  

Intact cells of the diatom Phaeodactylum tricornutum do not show a smooth 
afterglow decay curve. After a sharp decline (0--150 msec), a maximum may 
occur after 4 sec at 17 ° or after 22 sec at 2 ° . This maximum is present after 
excitation with far red light of low intensity, which is absorbed primarily by 
photosystem I. It appears to be structure-bound: cell disintegration causes its 
disappearance, while the 150 msec afterglow component is much less affected. 
The maximum also disappears after addition of 3-(3' 4'-dichlorophenyl)-l,1- 
dimethylurea (DCMU) or ammonium chloride, but it remains unaffected by 
addition of phenazinemethosulphate (PMS) or pyocyanin. Addition of DCMU 
results in a strong increase in the 150 msec afterglow when the cells are ex- 
cited with far red light. 

The exper iments  suggest tha t  a diffusion-limited energy transfer mechanism, 
depending on the  physiological state of the cell, is responsible for the  maximum.  

INTRODUCTION 

Irradiated photosynthetic unicellular organisms or leaves emit an afterglow 
during a time ranging from several nsec to minutes after the end of illumina- 
tion [1--3]. In the "long term" delayed light (assumed here to range from 
200 msec to several minutes), a maximum in the decay curve is sometimes 
observed with intact cells or leaves [4--7]. This maximum was found to occur 
only after illumination with far red light. The experimental results diverge 
with respect to the time of its occurrence: it ranged from a few seconds [4] 
to a minute or more [ 7 ]. As also the intensity of incident light was different 
in the various experiments, maxima showing up at various moments during 
afterglow decay may be due to more than one mechanism. Addition of some 
artificial cofactors for photophosphorylation resulted in an increase in the 
"long term" aRerglow and a shift of the maximum towards shorter times [6,7]. 

Abbreviations: DCMU, 3-(3' 4' -dichlorophenyl)-l, l-diraethylurea; PMS, phenazinemetho- 
sulphate. 
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From the very low concentrat ion of  the PMS needed to affect the "long 
wave" afterglow, Bj~rn suggested that  an "afterglow uni t"  the size of  a 
thylakoid is present in the cell. 

With isolated preilluminated spinach chloroplasts or chloroplast  frag- 
ments the emission of  a "light flash" could be brought  about  by  the creation 
of  an artificial proton gradient across the thylakoids by  an acid-base transi- 
t ion [8,9] .  This procedure can lead to phosphorylat ion.  Also salt addition 
may stimulate luminescence with illuminated isolated chloroplasts [ 10,11 ]. 
Barber and Kraan [10] concluded from the maximum possible electrical 
gradient in their experiments that  both  pH and salt-induced luminescence 
should be independent  of  photophosphoryla t ion.  

With intact cells, however,  the luminescence increase may be due to a 
different or a more complex mechanism, as suggested by  the prolonged 
t ime elapsing between illumination and afterglow increase. In the present 
s tudy the condit ions for occurrence of  the afterglow increase with 
Phaeodactylum are studied. 

METHODS 

Phaeodactylum was grown in diffuse daylight  at 17 ° in artificial seawater 
enriched with sodium silicate. These diatoms grow slowly bu t  steadily over 
a period of  several months,  and their photosynthet ic  capacity, as measured 
with the oxygen polarograph, changes little. The percentage of  long wave 
chlorophyll  a, characteristic for fluorescence and absorption spectra of  this 
organism, increases gradually during growth [12,13] .  

Afterglow was measured with a circulating flow system. A cooling device 
enabled measurements to --4 ° . The average t ime between illumination and 
measurement was 0.15 sec. Decay before  0.20 sec is considered here to 
represent " fas t "  afterglow. Corrections were applied for the change in 
circulating velocity with changes in temperature.  Illumination occurred with 
light isolated from a 150 W -24 V halogen lamp with a Bausch and Lomb 
grating monochromator  (500 mm), with slit width be tween 1 and 2 mm, 
depending on the intensity needed. Intensities exceeding I W m- 2 were 
obtained with a slide projector and interference filters. The volume of  the 
illuminated circuit was about  3 times that  of  the dark circuit. The average 
time needed by  a cell to circulate the whole system was about  8 sec. 

RESULTS 

Temperature 
The curves of  afterglow decay (0.15 sec ~ t ~ 1 rain) emit ted by  a 2- 

month-old culture of  Phaeodactylum suspended in or diluted with natural 
seawater and resulting from a 2.min illumination with light of  685 nm 
(~ 0.5 W m- 2 ) are given in Fig. 1 for various temperatures of  the suspension. 
At temperatures b e l o w  20 ° a pronounced maximum in the decay curve is 
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observed.  A t  17 ° it occur s  a t  a b o u t  4 sec a f te r  t he  end  o f  i l luminat ion ,  while  
it is sh i f ted  t o w a r d s  longer  t imes  (12  sec a t  7 ° and 22  see at  2 ° ) w h e n  the  
suspens ion  is coo led .  A t  t e m p e r a t u r e s  above  20  ° t he  m a x i m u m  is obse rved  as 
a shou lde r  in the  d e c a y  curve o f  t he  " f a s t "  l uminescence  c o m p o n e n t .  The  
in f luence  o f  t e m p e r a t u r e  is reversible.  A t  ve ry  low t e m p e r a t u r e  ( - -  4 ° ) t he  
m a x i m u m  is l ow  as c o m p a r e d  to  the  " f a s t "  a f te rg low.  With o t h e r  organisms 
( the  green alga ChloreUa vulgaris, t he  blue-green alga Synechococcus 
cedrorum and  the  red  alga Porphyridium cruentum) the  m a x i m u m  can b e  
measu red  b u t  d isappears  w h e n  the  ceUs are c o o l e d  b e l o w  7 ° , and  reappears  
a f te r  warming.  

Wavelengths of excitation 
Fig.2 shows  t ha t  no  m a x i m u m  in t he  a f t e rg low d e c a y  curve is f o u n d  u p o n  

pre i l lumina t ion  in green light ( 545  rim), which  is ma in ly  a b s o r b e d  b y  t he  
c a r o t e n o i d  fucoxan th in ,  an accessory  p igmen t  o f  p h o t o s y s t e m  II. In  this 
f igure also the  i n d u c t i o n  curves  o f  a f te rg low,  measu red  w i th  light o f  685  or  
5 4 5  n m  " o n " ,  are given. The  shape  o f  these  curves  d e p e n d s  on  t he  wave- 
length  o f  exc i t ing  light, as well  as on  light in tens i ty  and  t e m p e r a t u r e ,  I t  is 
r e p r o d u c i b l e  on ly  if  l ight o f  t he  des i red  wave leng th  is p r e c e d e d  b y  a t  least  
1 rain 545  n m  light f o l l o w e d  b y  2 rain dark  adap ta t ion .  

F r o m  the  a f t e rg low values  at  t h e  m a x i m u m  in the  d e c a y  curve  a t en ta t ive  

1o I '--~, e-"O|~ 
o.o'-~-il 9:-- '~. 

~ ' 0 =  

0 I rain. 

~,22" 

i 

: 2" ...-?'~ . . . . . . . . . . . .  ~::..'.::.- .. 

0 20  4 0  60  $ec. 

,\ 
l 

",545 

,on 

0 20 40 60 

D/off 

8 0  100 s e c .  

Fig. 1. Afterglow decay curves of Phaeodactylum cells, resulting from a 2-rain illumination 
with 685 nm light (0.5 W m -2 ) isolated with a monochromator (2 mm slit width), and 
measured at various temperatures. The insert gives the enlarged curves at some low tem- 
'peratures. 

Fig.2. Afterglow induction (with light "on") and decay curves (with light "off") resulting 
from a 1-min illumination with 685 ( ) and 545 ( - - - - - - )nm light (0.5 W m -~ ) and 
measured at 13 ° . 
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Fig.3 .  T e n t a t i v e  a c t i o n  s p e c t r a  o f  t h e  c o n t r i b u t i o n  o f  t h e  m a x i m u m  t o  t h e  a f t e r g l o w  d e c a y  
cu rve  o f  P h a e o d a c t y l u m .  

Fig .4 .  I n d u c t i o n  a n d  d e c a y  cu rves  o f  a f t e r g l o w  d i f f e r e n t  l igh t  i n t e n s i t i e s  ( - - ,  5 .5  W m -2 ; 
- - - - - - ,  4 W m -2  ; . . . .  , 0 . 5  W m -2  , - • ", 0 .06  W m - =  ) r e s u l t i n g  f r o m  6 8 0  n m  l igh t  ( in t e r -  
f e r e n c e  f i l te r ,  k ~  = 11 n m ) .  B e t w e e n  2 W m -2  a n d  0 .2  W m -~ t h e  cu rves  a re  s imi lar .  

action spectrum of its occurrence can be derived (Fig.3). As no maximum 
is observed with green incident light, it is assumed that  this light does not  
participate in reactions giving rise to the maximum. Therefore,  the  after- 
glow after 4 sec resulting f rom illumination with light of  545 nm, is sub- 
tracted f rom that  at other  wavelengths. 

Wavelength of emission 
Insertion of  interference filters (maximum transmission at 680, 695 and 

714 nm) between the detect ion cuvette and photomultiplier did not  affect  
the shaue of  the decay curves. This indicates that  the light emit ted during: 
the whole t ime of  afterglow had, probably, the same spectral distribution. 

Light intensity 
The influence of  the intensity of  the exciting light on the shape of  the 

decay curves is given in Fig.4, when afterglow is excited with far red light. 
At  intensities above 5.5 W In- 2 the maximum in the  decay curve disappears 
abruptly, while the 0.15 sec component  increases sharply. In a wide range 
of intensities little change is seen in the afterglow decay, whereas at low 
intensities (< 0.1 W m- 2 ) the maximum disappears. 

Illumination periods 
The maximum in the decay curve is not  observed after short periods of 
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i l luminat ion.  Af te r  4 sec exc i ta t ion  wi th  685 n m  light of  0.5 W m-= at  15 ° 
only  a " f a s t "  c o m p o n e n t  is measured .  Af ter  16 sec o f  i l luminat ion  wi th  this 
l ight t he  m a x i m u m  in the  decay curve is at  its full intensi ty .  No corre la t ion 
be tween  the  sharp induc t ion  peak measurable  dur ing  i l luminat ion  and the  
m a x i m u m  in the  decay curve, was found .  

Ceil structure and growth conditions 
After  grinding, F rench  press t r ea tmen t ,  ul t rasonic vibrat ion or " o s m o t i c  

shock"  t r e a t m e n t  o f  the  cells no  m a x i m u m  in the  decay curve could  be 
measured.  Fig.5 shows the  effect  o f  " o s m o t i c  shock"  t r e a t m e n t  on  a 6-week- 
old P h a e o d a c t y l u m  culture.  S teady  af terglow value at  least wi th  545 and 
685 n m  exc i ta t ion  wi th  i l luminat ion  " o n "  are decreased. The  m a x i m u m  in 
the  decay curve wi th  i l luminat ion  " o f f "  disappears and the  decay is similar 
for all wavelengths.  

In  younge r  cul tures  o f  Phaeodac ty lum (2--4 weeks) the  m a x i m u m  is 
generally less p r o n o u n c e d  than  in older  ones (1--6 months ) .  No fur ther  
max ima  at later stages in the  decay curve were de tec ted  wi th  cul tures  o f  
d i f ferent  age g rown unde r  d i f fe rent  l ight condi t ions ,  and measured  at  differ- 
ent  l ight intensi t ies  and tempera tures .  

Inhibitors, uncouplers and cofactors 
To obta in  i n fo rma t ion  abou t  a possible inf luence of  uncouple r s  of  

p h o t o p h o s p h o r y l a t i o n ,  a m m o n i u m  chlor ide was added.  This  t r e a t m e n t  
resul ted in an 80% disappearance o f  the  m a x i m u m  in the  af terglow decay 
curve at a n  a m m o n i u m  chlor ide  concen t ra t ion  o f  10 -2 M, while at  1 0 - 3 M  
the  shape of  the  decay curve was n o t  affected,  A m m o n i u m  chlor ide  ( 1 0 - :  M) 
increases afterglow, when  light is on ,by  30%. Potass ium chlor ide  (10-2 M) did  
n o t  have any effect  on  the  shape or  in tensi ty  of  af terglow curves. 
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Fig.5.  Decay and induction curves of  Phaeodactylum diluted 15 t imes  wi th  seawate r  ( lef t )  
or  0.02 M tr is  buf fe r  p H  7.6 ( r ight )  and  resul t ing f rom i l lumina t ion  at  685,  670 and 545 n m  
(0.5 W rn -2 (r ight) .  
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Addition of the artificial cofactor for photophosphorylation PMS or 
pyocyanin (10- 7 to 10-4M) did not have any effect on the afterglow curves 
in Phaeodactylum. A pronounced effect on the afterglow resulted from the 
addition of the photosynthetic inhibitor DCMU (10- 7 to 10- s M). The after- 
glow intensity measured during 685 nm illumination increased about 5-fold, 
while the "long term" afterglow decreased and no maxima remained. The 
shape of the decay curves with 685 nm and with 545 nm now are similar 
and strongly resemble those obtained with disintegrated cells. 

DISCUSSION 

Light absorbed at 545 nm by the carotenoid fucoxanthin is transferred 
with high efficiency to chlorophyll of photosystem II, while at this wavelength, 
absorption by photosystem I pigments (long wave chlorophyll a and 
~-carotene) is very low [14]. At 685 nm, however, the absorption bands of 
chlorophyll a from photosystem I and II overlap. As a result, less energy will 
be available for back reactions leading to light emission, resulting in a low 
yield of the 150 msec component at this wavelength [15,16]. The exper- 
iments show that with intact cells, this "quenching" of the "fast" afterglow 
is abolished by addition of DCMU. After this treatment the ratio of after- 
glow excited with 685 nm light to that excited with 545 nm one is increased 
markedly and is similar to that observed with disintegrated cells. The "long 
term" emission, however, decreases strongly due to DCMU addition, while 
it also disappears due to structural changes, which leave the "fast" emission 
relatively unaffected. Several mechanisms seem possible to account for the 
increase in afterglow 4 to 60 sec after illumination. The maximum could 
either be caused by an increase in fluorescence yield of the excited chloro 
phyll molecules, or by an increase in energy flow to photosynthetic inter- 
mediates, resulting in a larger number of excited chlorophyll molecules. 

The afterglow value at the time of the maximum due to far red irradiation 
entirely to  increase is abou~ ten times higher than that due to irradiation 
with green light. It seems unlikely that the fluorescence yield also varies with 
this value, although the possibility of a change in fluorescence yield cannot 
be neglected. 

An increase in energy flow towards intermediates remaining after illumina- 
tion with system II light by products resulting from system I illumination 
seems more plausible. In view of the low intensities of exciting light needed 
to produce the maximum, the high temperature coefficient of the time of 
occurrence of the maximum (4 sec at 17 ° and 22 sec at 2 ° ) and its dependence 
on the structure of the cell, a diffusion-limited process seems compatible 
with the results reported here. 

Whether this process is coupled with the pH and salt-induced afterglow 
increase observed with isolated chloroplasts and assumed to be caused by stim- 
ulation of an electrical gradient over the thylakoids [15,16] remains to be 
investigated. 
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The  exper iments  show tha t  wi th  in tac t  cells af terglow decay  is marked ly  
dependen t  u p o n  physiological  and envi ronmenta l  condi t ions .  Hence  deter- 
mina t ion  of  this parameter ,  especially when  measured in combina t ion  wi th  
p h o t o s y n t h e t i c  act ivi ty,  can give valuable in fo rma t ion  a b o u t  in vivo properties.  
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