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The decay of luminescence from barley showed a relative maximum that appeared when far-red preillumination was 
carried out in the presence of oxygen, but not if white light was used for pre-illumination or when oxygen was omitted. 
Far-red illumination kept the S-states of the water-splitting system randomized and the primary Photosystem II 
acceptor, QA, oxidized. It was furthermore found that state S 3 was longer lived in the dark after far-red excitation than 
after white-light excitation. The presence of O z during and after far-red excitation also increased the lifetime of S 3 in 
the dark. QA exhibited the most oxidized state in the presence of O 2 and immediately after far-red excitation after 
which it was partially reduced back to a steady-state level, in the dark, by reverse electron flow. It is concluded that the 
relative maximum during the decay of far-red excited luminescence was a result of preservation of $2, together with 
partial reduction of QA by reverse electron flow, in the dark. The relative luminescence maximum was inhibited by the 
energy-transfer inhibitor tentoxin and its kinetics were altered by the phosphate translocator inhibitor 4,4-diisocyano- 
2,2'-disulfonic acid stilbene. It is suggested that the reverse electron flow was a result of reverse coupling. 

Introduction 

Light emission from green plants in the dark was 
first discovered by Strehler and Arnold during work 
with ATP measurements by the luceferin-luciferase 
metbod [1]. The emission, termed luminescence, was 
later shown to be a result of the recombination between 
positive charges on the donor side of PS II with elec- 
trons on the acceptor side (for a review see Ref. 2). 
Normally, luminescence decays asymptotically with the 
most light emitted during the first micro or milliseconds 
of the decay [3]. It was, however, observed that far-red 
excitation resulted in a luminescence component that 
during the minute range of the decay increased and 
resulted in a relative maximum during the decay [4]. In 
attempts to unravel the mechanism behind this 'far- 
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bumin; Hepes; 4-(2-hydroxyethyl)-l-piperazineethanesulfortic acid; 
Chl, eh.lorophyll. 
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red-induced relative maximum' several factors have been 
discussed. The relative maximum has been suggested to 
be a result of the transthylakoid A pH [5], PSI  lumines- 
cence [6], reverse Calvin cycle reactions [7] and, re- 
cently, also suggested to be strongly affected by state 
1/state 2 transitions [8]. No conclusive evidence has 
been presented favoring either of the suggested mecha- 
nisms. However, it was recently shown that the far-red 
stimulated relative luminescence maximum which 
originated from PS II and is dependent on reverse 
electron flow between the photosystems, but also on the 
presence of a transthylakoid A pH [9]. In this paper we 
show that the far-red-induced relative maximum during 
the decay of luminescence is the result of a combination 
of three factors: (i) a transiently very oxidized PS II 
acceptor side in the dark after far-red excitation in the 
presence of 02; (ii) a long lifetime of state S 3 in the 
dark after far-red excitation in the presence of 02; and 
(iii) reverse coupling, causing partial re-reduction of the 
PS II acceptor side in the dark. 

Material and Methods 

Barley leaves grown for 7-10 days in a green house 
were used as starting material in all experiments. 
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Protoplasts were prepared as described in Ref. 9 and 
assayed in a medium containing 0.25 M sorbitol, 0.25 M 
sucrose, 10 mM KCI, 0.5 mM MgC12, 0.06% BSA, 0.2% 
PVP and 10 mM Hepes, all adjusted to pH 7.2. Before 
assays, 10 mM N a H C O  3 were added to the assay 
med ium/pro top las t  mixture. Protoplast extracts were 
obtained by sequeezing protoplasts three times through 
a 15-~tm nylon net as described in Ref. 10. Protoplast 
extracts were used for experiments with inhibitors, since 
protoplast  extracts have the lowest organisation level at 
which the relative luminescence maximum has been 
shown to occur so far. Intact chloroplasts (prepared 
mechanically or isolated from protoplasts and capable 
of CO2-dependent 02 evolution rates above 100 /~mol 
02 per mg chlorophyll per h) have so far not been 
shown to exhibit the relative luminescence maximum. 

Luminescence, from intact barley leaves, were mea- 
sured in a cylindrical plexiglass cuvette (25 cm 3). Differ- 
ent gas mixtures were flushed through the cuvette at a 
rate of 60 1. h-1.  Excitation light was provided by two 
metal halogen lamps (Atlas 24 V, 250 W). For  far-red 
excitation, the light was filtered through a Schott R G  
715 cut-off filter. 

The excitation light intensity was 600/~mol • m - 2 .  s-1 
white and 5 b t m o l . m - 2 - s  -1 far-red light. Lumines- 
cence was detected with a selected Hamamatsu R374 
photomultiplier and the resulting signal was amplified 
and recorded on a chart-strip recorder. Excitation light 
and luminescence emission was guided to the cuve t t e /  
photomultiplier by optical fibers. The photomultiplier 
during excitation was protected from the excitation 
light by a shutter. 

Luminescence measurements from protoplast ex- 
tracts were carried out in a modified Hansatech 02 
electrode (Hansatech, Norfolk, U.K.) allowing the ad- 
dition of inhibitors in the dark. The chlorophyll con- 
centration during experiments was 50 /Lg chlorophyll .  
ml-1.  Other experimental conditions were as described 
for intact leaves. 

For  fluorescence measurements, a modified Heinz 
Walz fluorometer (PAM 101, Heinz Walz, F.R.G.) was 
used allowing pulsing of a weak modulated fluorescence 
excitation light. For  determination of possible dif- 
ferences in the dark redox state of QA after far-red 
excitation under aerobic and anaerobic conditions, the 
weak 0.1 /~mol. m -2-  s -1 modulated (100 kHz) exci- 
tation light was pulsed (pulse duration, 1 s; interval 
between pulses, 10 s) to the leaves in order to minimize 
the risk of the measuring light causing accumulation of 
reduced QA" 

For  determination of changes in the r educ t ion /  
oxidation ratio of QA, a higher intensity (2.5/lmol • m -2 
• s -1)  modulated (100 kHz) fight was used for 'con- 
tinous' excitation of the sample. All fluorescence mea- 
surements were carried out on intact leaves in the same 
cuvette as used during luminescence measurements. For  

a recent description of modulated fluorescence tech- 
niques see Ref. 11. 

Intact barley protoplasts were used for measurements 
of the relative distribution of S-states in the dark after 
white and far-red illumination and under  aerobic and 
anaerobic conditions. A Joliot-type 02 electrode [12] 
was used for measurement of relative 02 yield after a 
series of flashes obtained from a Xenon flash lamp 
(Heinz Walz, F.R.G.), (intensity, 2- 10 s W-  m -2-  s -1, 
tl/2 of duration peak, 11 ~ts; interval between flashes, 
0.7 s). In order to achieve aerobic or anaerobic condi- 
tions during S-state measurements, the flow medium (10 
mM Hepes (pH 7.2) and 10 mM KC1) was bubbled with 
either N 2 or 02. The protcplast  samples in the assay 
medium were also flushed with N 2 or 02 after applica- 
tion to the 02 electrode. The number  of misses, double 
hits and relative S-state distributions, according to the 
model of Kok et al. [13], was calculated from the 
oxygen yield on the first seven flashes using a non-lin- 
ear least-squares fit procedure with the assumption that 
misses and double hits were the same on all flashes. The 
number  of double hits was found to be around 10% 
throughout the experiments. 

Results and Discussion 

Fig. 1 shows that both far-red excitation and the 
presence of oxygen is required for the relative lumines- 
cence maximum to appear in intact barley. This is in 
agreement with earlier results [5]. The presence of CO 2 
together with 02 altered the maximum, but  did not 
abolish it. To  elucidate the role of  the PS II donor  side, 
in the appearance of the relative luminescence maxi- 
mum, the flash-induced oxygen yield pattern was de- 
termined using isolated barley protoplasts. 

As shown in Fig. 2, the oxygen yield pat tern ob- 
tained after 60 s in the dark was strongly influenced by 
the pre-illumination conditions and the oxygen con- 
centration; note, especially the high yield obtained on 
the first two flashes in the case of far-red pre-illumina- 
tion. This suggests that the two higher oxidation states 
on the donor  side, S 2 and S 3, are present in a higher 
proport ion after far-red than after white light pre-il- 
lumination. Primarily, state S 3, but  also state S 2, are 
known to be good 'substrates'  for luminescence ]2]. The 
unusual oxygen yield pattern obtained after white light 
(Fig. 2a), with a maximum on the fourth flash rather 
than on the third, was found to be partly due to an 
increased number  of misses (20%), but  mainly due to a 
high initial amount  of state S O (49%). An alternative 
explanation for a high 02 yield on the fourth flash is 
presented in Ref. 14 where the conclusion was reached 
that rapid reduction of parts of S 2 and S 3 betweer~ 
flashes of an unknown redox component  resulted in an 
apparently high concentration of S O under  reducing 
conditions, as shown earlier in Ref. 15. To obtain more 
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Fig. 1. Luminescence decay from intact barley leaves excited with 2 
rain white light (600 #mol.m-2.s -I)  (a-d) and with 2 rain white 
light followed by 0.5 rain far-red light (5 #moi-m-2-s -1) (e-h) and 
flushed with different gas mixtures, a and e, N2/CO 2 95 : 5%; b and f, 

02; e and g, air; d and h, air with 270 CO 2. 

detailed informat ion ,  the S-state distr ibutions were de- 
convolu ted  f rom the oxygen yield pat terns  ob ta ined  at 
different  time intervals after the pre- i l luminat ion was 
ceased. 

As is evident f rom Figs. 3 and 4, pre i l luminat ion 
with white light resulted in a very fast deact ivat ion of  
states S 2 and  S 3. In  contrast ,  far-red pre- i l luminat ion 
resulted in a long lifetime of  S 2 and S 3. The  presence o f  
oxygen also inf luenced the stability. State S 2 decayed 
faster, but  more  impor t an t  in this context  is the increase 
in the stabili ty of  state S 3. The  pro longed  lifetime of  the 
higher S-states after  far-red i l luminat ion was likely a 
result of  l imited access to electrons for recombina t ions  
due  to oxidat ion of  the acceptor  side of  PS II  caused by  
domina t ion  by  PS I excitation. The  lower f requency of  
recombina t ions  immedia te ly  after far-red excitat ion 
compared  to that  after white light excitat ion was also 
manifes ted as a lower  initial ou tpu t  of  luminescence 
(Fig. 1). The  effect of  oxygen in these experiments  is 
mechanist ical ly no t  clear. However ,  the presence o f  
oxygen decreased the initial luminescence (Fig. l b  and  
f) and  increased the lifetime of  state S 3 (Fig. 4) suggest- 
ing a decreased access to electrons on the acceptor  side 
for recombinat ion .  

This in terpreta t ion is s t renghthened by the result 
shown in Fig. 5. In  this experiment,  low intensi ty m o d -  
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Fig, 2. Flash-induced oxygen yield pattern of barley protoplasts, dark 
adapted for 60 s after (a) 2-rain preillumination with white light (600 
/.tmol-m-2-s-l) and equilibrated with air. (b) 2-rain preillumination 
with white light (600 #mol.m-2-s - I )  followed by 0.5 min of far-red 
light (5 #mol-m-2.s -1) and equilibrated with N 2. (c) 2-rain preil- 
lumination with white light (600 #tool. m-2. s - l )  followed by 0.5 min 

of far-red light (5 ttmol, m-2. s- l )  and equilibrated with O 2. 

ulated f luorescence light was pulsed to intact  bar ley 
leaves at the same time as they were sequential ly t reated 
with white light, far-red light and  finally darkness.  The  
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Fig. 3. Relative concentration of S2-state. The experimental conditions 
were as described in Fig. 2. II, white plus far-red preilhimination 
equilibrated with 02. O, white plus far-red preilhimination equi- 

librated with N 2. ×, white preillumination equilibrated with air. 
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Fig. 4. Relative concentrations o f  S 3 (vertical axis) .  The experimental 
conditions were as described in Fig. 3. 

dark level of fluorescence was substantially lower after 
excitation in the presence of oxygen, indicating a lower 
concentration of Q~,. 

The increased stability of state S 3 after subjection to 
far-red fight in the presence of oxygen explain in part 
the appearance of the relative luminescence maximum 
under these conditions. However, the decay of state S 3 
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Fig. 5. Pulsed, modulated fluorescence measured during an excita- 
tion/dark sequence including both white light (600 /~mol-m-2-s  -1)  
and far-red light (5 ~tmol .m-2.s  - 1 )  from intact barley leaves flushed 
with 5% CO 2 in N 2 (13) and 5% CO 2 in O 2 (41')- Curves were 
normalized according to the F 0 level recorded before white light 

illumination. 

does not show any direct correlation to luminescence 
and, therefore, alone cannot explain the relative 
luminescence maximum. In order to study more closely 
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Fig. 6. (a) Modulated fluorescence from intact barley leaves in air during a light/dark sequence including white and far-red light with no 
interspersed dark periods. White light 600 / tmol -m-2 . s  -1, far-red light 5 /~moi-m-2.s  -1, fluorescence excitation 2.5 / tmo l .m-2 - s  -1 red 
modulated light. (b) Modulated fluorescence from intact barley leaves after excitation with white and far-red light, with no interspersed dark 

periods. Other experimental conditions were as described in (a), in but with a higher amplification of the fluorescence signal. 



the role of the redox state of the PS II acceptor side in 
this context, fluorescence was excited with 2.5 g m o l .  
m -2 .  s - t  red modulated light to monitor the relative 
levels of QA reduction during and after excitation with 
white and far-red light. The intensity of the modulated 
light was sufficiently high to cause, not only F 0 fluores- 
cence but also a certain amount  of variable fluorescence 
(5-10%). The resuIting fluorescence signal observed 
without superimposed secondary light can thus not be 
considered as 'dark fluorescence'. However, the level of 
this fluorescence will reflect the equilibrium between a 
low rate of reduction and oxidation of QA- 

As expected, white light caused a strong reduction of 
QA while far-red illumination oxidized QA below the 
level observed in the dark after white light (Fig. 6a). 
However, when the far-red light was switched off, the 
level of fluorescence dropped below the steady-state 
level observed during far-red illumination, indicating a 
transiently very oxidized QA- Interestingly, within 30 s 
after turning off the far-red light, fluorescence re- 
covered back to a level slightly below the ' far-red 
steady-state level'. The transients in fluorescence ob- 
served after far-red illumination are probably a result of 
the push /pu l l  nature of the Z scheme in combination 
with reverse electron flow. According to this theory the 
drop in fluorescence after far-red illumination appears 
when PS II excitation by the 'PS-II-contaminated'  far 
red-light stops, but  the pull for electrons from oxidized 
electron transport  intermediates remains for 5-10  s in 
the dark. The recovery back to the final steady-state 
fluorescence level thereafter occurs as a result of both 
the modulated fluorescence excitation light and of re- 
versed electron flow. 

Another  more pronounced manifestation of this phe- 
nomenon was observed after a whi te / far - red  illumina- 
tion sequence with no interspersed dark period (Fig. 
6b). Under  these conditions, after far red illumination, 
fluorescence transiently rose to a level above that of the 
final steady-state indicating an active process (ad- 
ditional to reduction by the modulated light), partially 
reducing QA- 

The influence of the modulated light on the fluores- 
cence transients was examined by applying a 1-s pulse 
immediately after far-red illumination and another  30 s 
after far-red illumination. The fluorescence levels ob- 
tained in this way showed the same characteristic pat- 
tern as those obtained during continuous fluorescence 
measurements, although the increase in fluorescence 
was less marked (not shown). Thus, the increase in the 
QA redox state after far-red illumination also occurred 
in complete darkness. The relative maximum in the 
decay of luminescence after far-red light in the presence 
of O~ can now be explained in terms of the redox state 
of both the donor  and the acceptor side of PS II. 

During far-red P S I  excitation, PS II is also slightly 
excited causing randomization of the S-states and a 
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small ' trickle' of electrons through the electron trans- 
port chain. The dominating P S I  excitation, however, 
keeps the electron carriers oxidized especially in the 
presence of 02 . When far-red excitation is ceased, the 
trickle of electrons immediately stops, although the pull 
for electrons from the oxidized electron carriers will 
continue for 5-10  s in the dark. Under  these conditions, 
the initial output  of luminescence will be low, since 
electrons are pulled away from the site of recombina- 
tion. Consequently, the highly active luminescence sub- 
strate S 3 will be preserved in the dark. When the redox 
state of QA increases after 15-20 s in the dark from a 
very oxidized to a normally oxidized level, the frequency 
of PS II recombinations will increase when 'dark- 
preserved' S 3 are consumed. The increase in PS II 
recombinations will be evident as an increase in 
luminescence and thus give rise to the ' far-red-induced 
relative maximum'. 

It has been shown previously that the far-red-in- 
duced relative maximum was dependent  on both reverse 
electron transport between the two photosystems and 
on the presence of a transthylakoid ApH [5,9] and, 
thus, on the energetic state of the thylakoid. To investi- 
gate the possible influence of reversed coupling, the 
energy transfer inhibitor tentoxin [16] was added to a 
protoplast extract immediately after far-red excitation. 

1t I ) rain I 

. . J  

. D IDS 

Fig. 7. Luminescence decay from protoplast extracts excited with 
white and far-red light as described in Fig. 5. Middle curve, control; 
lower curve, with 10 -5 M tentoxin added immediately after far-red 
excitation, and upper curve, with 10 #M DIDS added and incubated 

for 2 rain before excitation. 
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Fig. 8. Luminescence decay from intact barley leaves excited with 
cycles of 2 min white light and 30 s far-red light followed by 
luminescence measurements in the dark, and flushed with gas mix- 
tures as indicated. The figure illustrated a sequence with the same 
leaves subjected to different gas mixtures. Excitation with white and 
far-red light was performed immediately after each luminescence 
measurement in b-e. (a) N2/CO 2 95:5%; (b) N2/O 2 80:20%; (c) 

N2/O 2 80 : 20%; (d) N2/CO 2 95 : 5%; (e) N2/O 2 80 : 20%. 

T h e  far - red  i n d u c e d  re la t ive  m a x i m u m  (in this  exper i -  
men ta l  sys tem expressed  as a shoulder ) ,  was comple t e ly  
i nh ib i t ed  b y  10 -5  M ten tox in  (Fig.  7). This  suggests  

tha t  the  reverse  e lec t ron  f low tha t  causes  an increase  of  
the  r edox  s ta te  of  QA af ter  the o x i d a t i o n  due  to fa r - red  
exc i t a t ion  is an e x a m p l e  of  reverse  coup l ing  [17] a n d  

consequen t ly ,  is d e p e n d e n t  on  A T P  hydro lys i s  b y  the 
ch lo rop l a s t  ATPase .  This  conc lus ion  is s u p p o r t e d  by  the 
ef fec t  of  the  p h o s p h a t e  t r ans loca to r  i nh ib i t o r  D I D S  [18] 
on  the  d e c a y  k ine t ics  of  fa r - red  exc i ted  luminescence .  
A d d i t i o n  of  D I D S  pr io r  to exc i t a t ion  with  whi te  and  
fa r - red  l ight  s t imu la t ed  the  c o m p o n e n t  of  luminescence ,  

expressed  as  a shou lde r  (Fig.  7). This  suggests  tha t  the  
a d d i t i o n  of  D I D S  be fo re  exc i ta t ion  p reven ts  expor t  o f  
t r iose  p h o s p h a t e s  in to  the  m e d i u m  and  the reby  in-  
creases  the concen t r a t i on  of  subs t r a t e  for  reverse  cou-  
p l ing  (i.e., ATP ,  d i h y d r o x y a c e t o n e  p h o s p h a t e )  [19]. 

S imi la r  resul ts  were  o b t a i n e d  when  the effect  of  two 

r e p e a t e d  exc i t a t ions  u n d e r  CO2-free,  b u t  aerobic ,  cond i -  
t ions  on  the decay  kinet ics  of  fa r - red  exc i ted  lumines -  
cence  were  s tud ied  (Fig .  8). T h e  fa r - red  s t imu la t ed  

re la t ive  m a x i m u m  was dec reased  af te r  a s econd  exci ta-  
t ion  u n d e r  CO2-free cond i t ions .  Th is  effect  was pa r t i a l l y  
reversed  b y  one  exc i t a t ion  witla C O  2 present .  Exc i t a t ion  
wi thou t  C O  2 (bu t  wi th  0 2 )  will  dep le t e  the  c h l o r o p l a s t  
o f  Ca lv in  cycle  i n t e rmed ia t e s  a n d  t r ioses  t h rough  p h o t o -  
r esp i ra t ion .  The  effect  on  luminescence  migh t  therefore  
be  o f  s imi la r  or ig in  as  the  effect  on  luminescence  f rom 
p r o t o p l a s t  ex t rac t s  by  D I D S ,  i.e., a f fec t ing  the con-  
c en t r a t i on  o f  subs t r a t e  for  reverse  coupl ing .  

Re la t ive  luminescence  m a x i m a  have  a lso  been  ob -  
served  af te r  whi te  l ight  i l l u m i n a t i o n  u n d e r  low C O  2 
c o n d i t i o n s  for  green a lgal  cel ls  [20,21,22]. H o w e v e r ,  in 

this e x p e r i m e n t a l  sys tem,  l umine sc e nc e  m a x i m a  oc- 
cur red  as a resul t  of  r a p i d  d a r k  dec rease  in n o n p h o t o -  

chemica l  quenching ,  a n d  p r o b a b l y  a lso  as a conse-  
quence  of  a m u c h  m o r e  p r o n o u n c e d  d a r k  r e d u c t i o n  of  

QA than  that  desc r ibed  in this  pape r .  
F r o m  the resul ts  p r e sen t ed  in this pape r ,  it  is ev iden t  

tha t  the mechan i s t i c  or ig in  o f  l uminescence  m a x i m a  

i nduc e d  by  fa r - red  l ight  is d i f f e ren t  f rom tha t  i n d u c e d  
b y  whi te  l ight  exc i t a t ion  in low C O 2 - a d a p t e d  green  a lgal  
cells. 
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