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We have studied the delayed fluorescence in spinach chloroplasts produced 0.5 ms after each of a pair of (sub)- 
microsecond flashes. We observe an increase in the delayed fluorescence from the second flash relative to that 
produced by the first. This increase is proportional to the product of the first and second flash irradiances, 
appearing as an/~ dependence if both flashes are increased together. The enhancement is observable at very weak 
flash levels (roughly 1 photon absorbed/100 PS II centers). If the irradiance of the first flash is increased, but the 
irradiance of the second held constant, the delayed fluorescence from the second flash is observed to increase, but 
then to saturate well below the first flash irradiance at which the delayed fluorescence from the first flash itself 
saturates. For most experiments, the dark time between flashes was 30 ms. If the dark time is varied, the 
enhancement changes, reaching a half-maximal value for a dark time of approx. 300/as. The enhancement is 
stopped by hydroxylamine, but not by gramicidin, valinomycin, DCMU, or mild heating. These experiments are 
consistent with the notion that there are two different types of Photosystem II centers if we assume that only 
one type is responsible for the induction we see and has an optical cross-section about 4-times the size of the 
other type of center. 

Introduction 

Different results have been reported for the depen- 
dence of delayed fluorescence on irradiance at low 
light levels. Jones [1], Stacy et al. [2] and Lavorel 
[3], all using phosphoroscopes with light pulses last- 
ing about a millisecond, observed an 12 dependence at 
low irradiance levels and a linear dependence at 
higher light levels. Ruby [4], Zankel [5] and Jursinic 
and Govindjee [6], using microsecond and submicro- 
second width light pulses, observed a linear depen- 
dence at all irradiance levels. A millisecond duration 
light pulse has been necessary to produce the 12 

Abbreviations: Tricine, N-tris(hydroxymethyl)methylglycine; 
DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; PS, photo- 
system; Clal, chlorophyll. 

dependence. This may indicate the need for sequen- 
tial turnovers at a single PS II reaction center (double 
hitting) for this dependence to be observed. It is 
puzzling that the 12 dependence should occur only at 
low irradiance levels, where the probability of two 
photons being absorbed at a single reaction center is 
very low. 

In an effort to reconcile these observations, we 
examine here the delayed fluorescence in spinach 
chloroplasts produced by sequences of microsecond 
and submicrosecond duration light pulses. We observe 
an enhancement of the delayed fluorescence from the 
later flashes relative to that produced by the first 
flash. We show that this enhancement increases as 
the square of the irradiance while the delayed fluores- 
cence from a single flash increases linearly. This beha- 
vior is consistent with both phosphoroscope and pre- 
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vious microsecond flash studies. 
The enhancement is observed to saturate at an 

irradiance well below the irradiance at which delayed 
fluorescence from a single flash saturates. This may 
be taken to support the suggestion of Melis and 
Duysens [7] that there are two different antenna 
sizes associated with PS II centers if we assume that 
the large antenna centers have a greatly increased 
delayed fluorescence signal after two flashes. 

Delayed fluorescence transients have been shown 
to be caused by many mechanisms, including charge 
and pH gradients [8], acceptor availability [9], 
donor availability [10,11], and charge states of the 
oxygen-evolving system [5,12,13]. These and other 
delayed fluorescence phenomena have been reviewed 
by Govindjee and Jursinic [14]. The effects of iono- 
phores, electron-transport inhibitors and heating on 
the enhancement are reported. 

Materials and Methods 

Chloroplasts were prepared from market spinach 
according to the method of Avron [15]. After being 
isolated, chloroplasts were made into a dense suspen- 
sion with 30% ethylene glycol, 0.1 M sucrose, 0.1 M 
KC1, 20 mM Tricine (pH 7.8), and kept at 77 K until 
needed. Before use, the frozen chloroplasts were 
thawed and then resuspended in a solution of 0.1 M 
KC1 and 20 mM Tricine (pH 7.8). The concentration 
used for measurements was approx. 2.1 /ag CH1/ml, 
as determined by using the extinction coefficients of 
MacKinney [16]. 

The apparatus was similar to that used in an 
experiment previously described [4]. Either flash- 
lamps (full width at half maximum about 1/~s) or a 
nitrogen-pumped dye laser (full width at half maxi- 
mum 7 ns at a wavelength of 490 nm) were used for a 
light source. The sample volume used was 4 ml, 
except when the laser was used. The laser usable 
beam diameter of 0.5 cm led to a sample volume of 
0.8 ml. The irradiance was varied by interposing 
neutral density filters and, for the flashlamps, mesh 
screens between the light source and the sample. The 
output from the photomultiplier was displayed on an 
oscilloscope and videotaped at 60 frames/s. By rerun- 
ning the videotape frame by frame, we could measure 
the signals of interest. 

Usually the sample was dark adapted for 10 min 

269 

before use. The samples that were heat treated were 
raised quickly to 50°C, held there for 3 min and then 
quickly brought back to room temperature. They 
were then dark adapted for 10 min before use. In 
experiments with exogenous agents (DCMU, hy- 
droxylamine, gramicidin, and valinomycin), the 
sample was dark adapted for 9 rain, the agent was 
injected in the dark, and the sample was dark adapted 
for 1 min more before signals were measured. 

Results 

We first observed induction effects with a series of 
weak flashes (we estimate about 1 photon absorbed/ 
100 PS II centers) spaced 30 ms apart. Fig. la shows 
the magnitude of delayed fluorescence at 0.5 ms after 
each flash in such a series. There was sample-to-sam- 
ple variability, but we usually saw a rise of a few per 
cent from the first to the second flash, and a near 
doubling by the tenth. We were surprised to observe 
such large induction effects with such weak flashes. 
We examined the dependence of both delayed 
fluorescence emission by single flashes and the induc- 
tion effect on irradiance. We used two flashes if 
equal strength with 30 ms dark time between the 
flashes. We varied the strength of both flashes and ob- 
served the delayed fluorescence at 0.5 ms after the 
first flash, D f o.s, and the delayed fluorescence at 0.5 
ms after the second flash, f f 3oDo.s. These flashes are 
over an order of magnitude below the value needed to 
saturate delayed fluorescence. At this irradiance level, 
most of the centers hit by the second flash will not 
have been hit by the first. We assume that the signal 
from the second flash is made of a base level nearly 
equal to the signal from the first flash, due to centers 
hit only by the second flash, plus an additional signal 
due to centers hit by both the first and the second 
flashes. We also assume that induction occurs because 
the delayed fluorescence emitted after a flash is larger 
if a center has been hit by a previous flash. If  these 
assumptions are true, then the difference between the 

f f -Dfo.s = ,5a9, should increase as two signals, aoDo.s 
the square of the irradiance. To test these assump- 
tions, we plotted Dfo.s and zSa9 vs. irradiance in Fig. 
2a and b on log-log plots. For comparison, we show 
slopes of 1 and 2. It is clear that the single flash 
delayed fluorescence increases linearly with irra- 
diance, while the enhancement increases as 12. 
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Fig. 2. Log-log plot of delayed fluorescence produced by a 
pair of equal strength flashes 30 ms apart as a function of 
irradiance. Each point is an average of nine runs. (a) D~. s, the 
delayed fluorescence 0.5 ms after the first flash; (b) zXD, the 
delayed fluorescence 0.5 ms after the second flash minus the 
delayed fluorescence 0.5 ms after the first flash. Both signals 
are normalized so that their maximum values are equal to 
100. Slopes of one and two are shown for comparison. 
Maximum flash strength is about 1013 photons/pulse per 
cm 2 . The flash full width at half maximum is 1.8 urn. 
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Fig. 1. 3ofDfo. s , the delayed fluorescence from a series of 
weak flashes 30 ms apart measured 0.5 ms after each flash 
in the series, plotted vs. the flash number. The signals are 
normalized to their respective initial values. The flash has 
about 1011 photons/pulse per cm 2. About 1 photon ab- 
sorbed/100 PS II centers. The flash full width at half maxi- 
mum is 1 us. (a) Control, (b) 0.1 I~M valinomycin, (c) 0.2 uM 
gramicidin, (d) 10 uM DCMU, (e) heating for 3 min at 50°C, 
(f) 1.0 mM hydroxylamine. Incubation times are described in 
Materials and Methods. 

The t ime for the p roduc t ion  o f  the enhancement  

was measured by using two flashlamps of  nearly 
equal strenght and varying the t ime be tween  firing 

them.  In cont ro l  exper iments  we measured the signals 

produced  by each flashlamp alone. We call the signal 

at 0.5 ms after the second flash alone De.s, the signal 

at the variable t ime after the first flash alone Dft, and 

the signal f rom the pair o f  flashes, 0.5 ms after the 
second flash f f ;Do.5. With weak flashes, in the absence 

o f  enhancement  effects,  the signals should be inde- 

pendent  o f  one another ,  so that  the ratio:  

(D f + Dr0.5) 

should be uni ty .  An increase in this ratio means that  

the first flash is having an effect  on the delayed 

f luorescence produced by the second. In Fig. 3 we 

plot  this ratio as a funct ion  o f  the t ime be tween  the 

flashes. For  short t imes the ratio is close to unity.  

At  longer times, the ratio increases. The half-t ime 
for the rise is approx.  300/as ,  consistent  with an ob- 
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Fig. 3. Delayed fluorescence induction as a function of the 
time between two flashes. The circles represent the delayed 
fluorescence produced by the pair of flashes at a time 0.5 ms 

f f after the second flash, tDo.s, divided by the sum of delayed 
f f fluorescence from each flash separately, D t +Do. 5. Both 

flashes have about 2 • 1012 photons/pulse per cm 2. The flash 
full width at half maximum is 1 Us. Each point is an aver- 
age of three runs. 

servation of  Lavorel [17]. 
In the next series of  experiments,  we saturated the 

induction effect. The protocol  was to use the laser as 
a variable first light pulse followed 30 ms later by the 
weak measuring flash from the flashlamp. The 
irradiance of  the flashlamp was held constant,  so that 
any changes in the delayed fluorescence produced by 
it were due to changes in the irradiance of  the preced- 
ing laser pulse. In control.runs without  the measuring 
flash, the delayed fluorescence 30 ms after the laser 
pulse was too small to measure. In Fig. 4 we plotted 
the delayed fluorescence 0.5 ms after the laser fires, 
D L and the delayed fluorescence from the measur- 0 . 5 ,  

ing flash, 3~Df s, as a function of  laser flash strength. 
Because of  the smaller sample volume, the signal 
from the weak measuring flash was more difficult 
to measure than in the previous experiments.  But it is 
clear that the effect of  the laser flash on the delayed 
fluorescence produced by the second flash saturates 
well before the delayed fluorescence produced by  the 
laser flash itself saturates. The half-saturation values 
differ by about a factor of  4. After  a saturating laser 
flash, the flashlamp produces more than 5-times as 
much delayed fluorescence than it does with no 

preceding flash. 
Delayed fluorescence transients are known to 
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Fig. 4. Delayed fluorescence from the laser pulse and the fol- 
lowing measuring flash as a function of laser pulse strength. 
Both signals are normalized to their respective maximum 
values. The time between the flashes was 30 ms. (o----------v) 
Delayed fluorescence 0.5 ms after the laser pulse, DoL.s . The 
maximum laser pulse was 1.5 • 101 s photons/pulse per cm 2. 
The laser pulse full width at half maximum was 7 ns at a 
wavelength of 490 nm. (X ×) Delayed fluorescence 0.5 
ms after the measuring flash, sLoDfo.s . The measuring flash 
always had about 3 " 1011 photons/pulse per cm 2. The mea- 
suring flash full width at half maximum was 1 us. With no 
preceding laser pulse, the measuring flash produces a signal 
of 0.15. This means that the half-saturating value for it is 
0.57 rather than 0.5. This occurs at about 3.5% of our maxi- 
mum laser pulse. The delayed fluorescence produced by the 
laser pulse does start from zero, so its half-saturating value is L 
0.5. This occurs at about 15% of our maximum laser pulse. 
The ratio of half-saturating values is about 4. 

be influenced by many factors, including charge and 
pH gradients [8], availability of  electron acceptors 

and donors [9,10], and the amount  of  charge on the 
oxygen-evolving system [5,12,13]. We tried several 
treatments to see which of  these factors was important  
for the weak flash induction. To test for the effects 
of  the electric field associated with the H ÷ gradient 
on the weak flash delayed fluorescence enhancement,  
we used the ionophore valinomycin (Fig. lb) .  Valino- 
mycin is supposed to allow K + but  not  H ÷ across the 
membrane [8]. We used gramicidin D to test for the 
effect of  the pH component  of  the gradient (Fig. lc). 
At the concentrations used here, gramicidin is sup- 
posed to allow both K ÷ and H ÷ through the mem- 
brane [18]. We examined the effects of  acceptor 
availability by using DCMU (Fig. l d), which is 
believed to block on the acceptor side after Q [9]. We 
tested the donor side by mild heating (Fig. le) ,  which 
cuts off  the oxygen-evolving enzyme as a source of,  
electrons, and prevents the cycle of  four oscillations 
in delayed fluorescence due to charge accumulation 
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on the enzyme [5,12,19]. We also tested the donor 
side by using hydroxylamine (Fig. l f). At the con- 
centration we used, the primary mode of action of 
hydroxylamine is supposed to be blocking electron 
transfer from Y, the primary donor, to P [20,21]. 
For all of the treatments except hydroxylamine, the 
signal nearly doubled by the tenth flash. With hy- 
droxylamine, there was very little enhancement of 
the delayed fluorescence from the later flashes rela- 
tive to that produced by the first. 

Discussion 

Our results, displayed in Fig. 2, confirm that the 
delayed fluorescence at 0.5 ms after a microsecond 
width flash has a linear dependence on irradiance. 
This is what would be expected from a single-hit 
process. The enhancement, however, increases as the 
product of the two flash irradiances, as shown in Fig. 
2b. This is the result that would be expected from a 
process that requires a hit from both the first and the 
second flashes. For equal strength flashes, this leads 
to an 12 dependence. 

The data in Fig. 4 shows that the effect of the 
first laser flash on the delayed fluorescence produced 
by the second flash saturates at a lower irradiance 
than does the delayed fluorescence produced by the 
laser flash itself. Our first laser pulse lasted only 7 ns. 
This is faster than the P÷ reduction time of 20-35 
ns [22]. Thus, the differences in the saturation curves 
are not due to double hitting within the laser flash. 
It is possible that we are observing processes asso- 
ciated with two different antenna sizes. Jursinic [23] 
has found evidence for antenna heterogeneity based 
on oxygen-evolution studies. Melis and Duysens [7] 
have found evidence for two different types of PS II 
centers. They found that the optical cross-sections 
of the antennas for the two types of centers differed 
by about a factor of three. Our half-saturation values, 
shown in Fig. 4, differed by about a factor of 4. We 
believe that our results can be explained by a model 
with two antenna sizes. We assume that there are two 
types of PS II centers with antenna sizes that differ 
by a factor of 3 or 4. We also assume that the 0.5 
ms delayed fluorescence from the small antenna cen- 
ters is relatively constant for the first two flashes, but 
that the 0.5 ms delayed fluorescence emitted by the 
larger centers is negligible after the first flash and 

greatly enhanced after the second flash. If these 
assumptions are true, then the enhancement effect 
should saturate at lower light levels than does delayed 
fluorescence. This is what we observed, as shown in 
Fig. 4. 

The investigators who have used phosphoroscopes 
have had effective pulse widths ranging from hundreds 
of microseconds to milliseconds [1-3] .  The data 
displayed in Fig. 3 show that significant induction 
occurs only with separations between the first and 
second flashes of at least a few tens of microseconds. 
The relatively long duration of each phosphoroscope 
flash would lead to double hitting within the pulse. 
This could lead to an apparent square law depen- 
dence of delayed fluorescence on irradiance. At very 
low light levels, the large antenna centers would be 
receiving single hits and the small antenna centers 
would receive very few hits so little delayed fluores- 
cence would result. At higher light levels the large 
antenna centers would be receiving two hits, and the 
small antenna centers single hits. If  the yield of 
delayed fluorescence from the doubly hit large 
antenna centers were much larger than the delayed 
fluorescence yield from the singly hit small antenna 
centers, most of the delayed fluorescence would 
follow a square law. At these light levels phosphoro- 
scopes would show an 12 dependence. As the light 
level is increased even more, the large antenna centers 
would saturate and produce a constant amount of 
delayed fluorescence, while more and more small 
centres would be hit. This would lead to a linear 
dependence at high light levels. Whether this actually 
occurs would depend on the relative number of small 
and large antenna centres, their relative antenna sizes, 
and their delayed fluorescence yields after one and 
two flashes. The only one of these parameters which 
we can determine unambiguously from our data is the 
ratio of the antenna sizes, which, as mentioned pre- 
viously, is about 4. If the centres and antennas were 
homogeneous, precisely the opposite dependence 
would be expected. A linear dependence would be ob- 
served at low light levels, when double hitting is very 
improbable, and a square dependence at higher levels, 
when the chances of double hitting become signifi- 
cant. Some of the earlier models used to explain thel  2 
dependence, such as triplet-triplet annihilation [2], the 
influence of neighboring traps due to the L = J4~ rela- 
tionship [24], or the semiconductor model, with 



recombination of electrons and holes from two differ- 
ent types of traps [25], predict results inconsistent 
with those we observed (Fig. 3). If  these models were 
correct, there should be maximal induction when the 
time between the flashes is a minimum. The half-time 
for the enhancement of a few hundred microseconds 
dark time suggests that some process such as turnover 
at a reaction center, or establishment of a membrane 
potential, must occur before enhancement can occur. 

The irradiance dependence is consistent with the 
notion that the induction is due to an enhanced 
delayed fluorescence yield from the second hit at the 
large antenna centers. In an effort to find what the 
mechanism producing this enhanced delayed fluores- 
cence yield might be, we subjected the samples to the 
treatments shown in Fig. l b - f .  Of all the treatments, 
only hydroxylamine stopped the delayed fluores- 
cence induction studied here (Fig. If). At high con- 
centrations, hydroxylamine reduces P÷. At the con- 
centrations used here, hydroxylamine is supposed 
to block electron transfer from Y to P [20,21]. This 
suggests that the enhancement is involved with the 
charge states on the donor side. Van Best [10] has 
previously suggested heterogeneity of PS I1 centers 
based on studies of hydroxylamine effects on fluores- 
cence and delayed fluorescence. 

In contrast to hydroxylamine, mild heating led to 
an increase in the weak flash induction effect (Fig. 
le). The amount of heating was critical. A few 
seconds too much heating would destroy the increase. 
The same heat treatment that increased the induction 
effects of weak flashes reduced the delayed fluores- 
cence from a series of saturating flashes (data not 
shown). Several authors have observed a cycle of four 
oscillations in delayed fluorescence enhancement 
when saturating flashes are used [5,12,13]. This en- 
hancement with saturating flashes is apparently due 
to the influence of the changes in the charge states of 
the oxygen-evolving S-state mechanism. We interpret 
our heating results to mean that we were heating 
enough to destroy the S-state mechanism responsible 
for the period of four enhancement seen with saturat- 
ing flashes, but that another donor side carrier was 
responsible for the weak flash enhancement. The 
carriers close to the reaction center are Y, the prim- 
ary donor, and D, the auxiliary donor to P [20]. The 
relatively long time of 30 ms between our flashes 
suggests that some fairly stable state is involved. D is 
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known to transport electrons much more slowly than 
Y [21]. It is possible that the delayed fluorescence 
induction is due to a back reaction involving D and is 
associated only with the centers with large antennas. 
This could indicate a difference in the electron-trans- 
port rates on the donor side for the two types of cen- 
ters. In the absence of concomitant absorption and 
fluorescence measurements, however, the delayed 
fluorescence data alone do not permit construction 
of a more detailed model. 

A problem with this model is that DCMU would 
also be expected to block the enhancement effect by 
preventing Q -  from being oxidized by the secondary 
accepter. This means that double hitting should not 
occur so that we should not see enhancement. Our 
data in Fig. l d, however, show that there is still 
an increase after DCMU is added. This is a transient 
increase. The steady-state value is near the initial 
value. For the control, the steady-state value is several 
times the initial value (data not shown). It is possible 
that this indicates some enhancement due to mem- 
brane gradients. Our experiments with valinomycin 
(Fig. Ib) and gramicidin (Fig. lc) showed that these 
ionophores, which should reduce the charge and pH 
gradients, did not stop the weak flash enhancement. 
Jursinic et al., [26], working with saturating flashes, 
showed that these gradients were much less important 
for submillisecond delayed fluorescence than for that 
emitted at longer times. The same authors, however, 
also showed that there were some effects that were 
not eliminated by valinomycin and gramicidin. So 
while we have no evidence for the involvement of 
membrane gradients in the enhancement that we 
observe, we cannot rule out this possibility. 

It is also possible that our model suggesting that 
the enhancement is due to sequential electron trans- 
port is correct, and that the enhancement in the 
presence of DCMU indicates that there are two accep- 
ters before the DCMU block. Multiple Q's have been 
suggested in parallel [27,28] and also in series confi- 
gurations [29,30]. If two accepters are available in 
the presence of DCMU, the transient rise followed by 
a decrease in delayed fluorescence would be expected 
as the pool is filled. A model with homogeneous anten- 
nas and multiple accepters before the DCMU block 
would be sufficient to account for the data shown in 
Fig. ld. But it would not be sufficient to account for 
the data in Figs. 2 and 4. The most straightfoward 



274 

explanation for the irradiance dependence is that the 

enhancement effects are due to an increased second 

flash delayed fluorescence yield from a population of 

PS II centers having optical cross-sections approxi- 
mately 4-times the size of the others. 
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