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A study has been done of the fluorescence induction curve from dichlorophenyldimethylurea (DCMU) 
-poisoned spinach chloroplasts and the area above this curve which represents the amount of oxidized 
electron acceptors available to Photosystem il, Analysis of the reduction of these electron acceptors 
unexpectedly suggested that the early kinetics of this process were dependent on whether the experiment 
was of short or long duration. Analysis of a theoretical fluorescence curve composed of the sum of two 
exponentials led to similar results and revealed that such misleading conclusions could be drawn from 
experiments if even small underestimates in the value of the final fluorescence level were made. It was 
shown that estimates of the rate constants of the exponentials were especially prone to error. A surprising 
result produced by the analysis of the theoretical results was the curved shape of the logarithmic plot of the 
area above the faster exponential. This was similar to the curves which have been found in the corresponding 
plots with chloroplast data and which have been given as evidence of exeiton movement between photosys- 
tern I! units. It was concluded that long illumination times improved the accuracy of these experiments. 
Analysis of the chloroplast data obtained from long.term experiments in this study suggested that there were 
not two, but three exponential phases pre~nt in the induction curves and that these phases persisted despite 
the presence of 5 mM hydroxylamlne. The fluorescence induction curve from broken chloroplasts inhibited 
with DCMU was sensitive to the illumination conditions experienced by the orgauelles prior to the addition 
of DCMU. After 30 rain of 6 pE.  m -2. s - t  of 650 nm illumination, the final fluorescence level was 10% 
lower than that for the dark centrol. The area above the fluorescence induction curve was approx. 20% larger 
following light incubation and most of this increase could he attributed to a change in the slowest phase. It 
was suggested that pigment redistribution might he involved in this process. 

Abbreviations: DCMU, 3-(3',4'-dichlorophenyl)-l,l'-dimelhyl- 
urea; EDTA, ethylenediaminetetraacetic acid; CAD, comple- 
mentary area decrease; Mops, 4-morpholinepropanesulfonic 
acid; PS I, Photosystem I; PS !1, Photosystem I1: HES. ifigh- 
energy stale. 
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Introduction 

The interpretation of the variable fluorescence 
induction kinetics from DCMU-poisoned, dark- 
adapted chloroplasts is based on the early work 
described in Refs. 1--4 and in,lolves the area be- 
tween the fluorescence curve aM a line parallel to 
the time axis at an ordinate value equal to that of 
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the maximum level of fluorescence. This area is 
considered to be proportional to the number of 
electron accepter molecules available for reduc- 
tion by Photosystem II in DCMU-poisoned chlo- 
roplasts. At the start of illumination of dark- 
adapted chloroplasts, all of these accepters are 
assumed to be in an oxidized state and as the 
variable fluorescence increases with time, the area 
above the curve lying to the left represents the 
amount of reduced accepters and the area to the 
right represents the accepters still in an oxidized 
state. The way in which these two areas change 
with time is complex and a number of hypotheses 
have been advanced to explain this complexity, 
examples of which can be found in RefsJ 5-8. An 
important objective of this paper is not to add to 
this group of hypotheses, but rather to consider 
the analysis of the area changes above the fluores- 
cence curve ia some detail and ascertain what 
in[ormation can ceasonabiy be derived from this 
type of analysis. In addition we report on the 
effect of the conditions of illumination prior to 
the start of a fluorescence induction experiment 
and how they influence the results. 

Methods 

Chloroplasts for this study were isolated from 
4-week-old, greenhouse-grown spinach. For rela- 
tively intact organdies, the isolation method used 
was Heber's modification [9] of the Jensen-Bas- 
sham procedure [10]. The proportion of chloro- 
plasts with intact, outer membranes was routinely 
estimated with the ferricyanide method [l l l  and 
was found to be between 65~ and 80%. Broken 
cidoroplasts were prepared by suspending chloro- 
plasts in a hypotonic medium containing 90 mM 
NaCl, 1 mM MgCi 2 and 30 raM Mops (pH 7.8) 
for 3 rain before centrifugation at 2000 × g for 90 
s. The pellet was resuspended in 0.33 M sorbitol, 
30 mM Mops (pH 7.8) and 1 mM MgCI 2. The 
chlorophyll concentration was measured using the 
procedure described in Ref. 12. 

The fluorescence induction kinetics were ob- 
served with relatively intact chloroplasts sus- 
pended in the original Jensen-Bassham C medium 
[10] modified by the exclusion of sodium pyre- 
phosphate aiid s-,,dium isoascc, rbat¢ and by the 
inclusion of 10 mM magnesium chloride. The 

medium used with broken chloroplasts contained 
0.33 M sorbitol, 30 mM Mops (pH 7.8), 10 mM 
MgCI 2, 50 mM NaCI and 0.1 mM methyl violo- 
gen. The chlorophyll concentration used was 8 
/~g-ml -t. At the start of each experiment, the 
chloroplast suspension was dark-adapted for 5 
min, then 100/xl of a solution of DCMU (DuPont 
de Nemours & Co.) in ethanol was added in the 
dark to give a final DCMU concentration of 50 
ttM (for most experiments), There was then 
another dark period of 1 rain before the onset of 
illumination. In some experiments, the protocol 
jast described was preceded by a preincubation 
period lasting for 30 rain, during which time the 
chloroplasts were either kept in the dark or il- 
luminated with light from a 300 W floodlamp 
(Westinghouse) filtered by 7 cm of water and an 
interference filter (peak transmission 650 nm, 
Baird Atomic, type BI) at an intensity of 6/~E- 
m-2.s-I 

The chloroplast suspension was contained in a 
clear quartz cuvette and illuminated on all four 
sides by light-emitting photodiodes (Hewlett 
Packard, HLMP 3750). The wavelength of maxi- 
mum emission of the photodiodes was 635 nm and 
the intensity used was 12/zE. m -2. s- I. The power 
supply for the photodiodes was custom-built (Sci- 
ence Technology Centre, Carleton University) and 
produced a square-wave current modulated at the 
chosen frequency of 20 kHz. When the power was 
first switched on, the rise time of light emission 
was in the microsecond range and so a light 
shutter was unnecessary. The fluorescence emitted 
by the chloroplasts was observed through the base 
of the cuvette with a fibre-optics light guide and a 
photomultiplier tube (EMI, type 9659B) protected 
by a 690 nm interference filter. The output of the 
photomultiplier tube was measured with a lock-in 
amplifier (ITHACO, model 3962) whose time con- 
stant was set at I ms which determined the overall 
response time of the measurement system. The 
signal from the lock-in amplifier was digitized by 
an A/D board (Data Translation, DT2801) and 
then stored and processed in a microcomputer 
(Raven/8, Science Technology Centre, Cafleton 
University). The software package used for signal 
processing was the Asyst software (Macmillan 
Software Co., version 1.56). A fui't-scale signal 
could be measured with 12 bit resolution. 
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After the fluorescence induction curve was re- 

corded, a value of the maximum fluorescence 
(Fm,~) was determined as the mean value of the 
fluorescence during ~he final 10% of the illumina- 
tion period. The initial value of the fluorescence 
(Fo) was the value attained after three time con- 
stants or 3 ms of illumination. The area contained 
between Fm,~ X and the fluorescence curve and be- 
tween a time of 3 ms and any later time was 
determined by numerical integration and normal- 
ized with respect to the total area. In what follows, 
such an area is referred to as AREA normal, and 
in the Results section we have plotted the natural 
logarithm of (1 -Area  normal) as a function of 
time to evaluate rate constants. The latter will be 
termed a complementary area-decrease plot or a 
CAD plot. As explained above, a CAD plot de- 
scribes the reduction of oxidized dectron accep- 
tors to Photosystem lI. All CAD curves were 
analyzed as the sums of exponentials where this 
~eemed appropriate, and the rate constants and 
amplitudes of these exponentials were determined 
from the straight lines giving the best least-squares 
fit of the data. 

The earlier experiments in this work were per- 
formed with apparatus which permitted only the 
final values of the fluorescence to be measured 
with accuracy. In this situation, the chloroplasts 
were illuminated through one wall of the quartz 
cuvette with light which had been filtered through 
a blue glass long-wave cut-off filter (cut-off wave- 
length 550 nm). Fluorescence was observed per- 
pendicular to the activating light with an optic 
light-guide and a photomultiplier tube shielded 
with a 690 nm interference filter (Baird Atomic, 
type B1). The activating light was intensity-mod- 
ulated at 100 Hz and so the output of the photo- 
multiplier tube was measured with a lock-in 
amplifier (Princeton Applied Research, type HR 
8) connected to a chart recorder (Kipp and Zonen, 
type BD41) or a storage oscilloscope (Tektronix, 
type RS103N). 

R ~ d ~  

The analysis of fluorescence induction curves 
Three experiments were performed to observe 

the fluorescence induction transients from identi- 
cal samples of suspended chloroplasts. These ex- 
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Fig. 1. The rise of the variable fluorescence signal from isolated 
chloroplasts in the presence of 50 pM DCMU. These are the 
results for three experiments which were identical except for 
the duration of the illumination. The results were normalized 
with respect to the value of Frn = for each experiment. Other 

experimental conditions are described under Methods. 

periments differed from each other only in the 
duration of the light period which was 2.5 s, 5.0 s 
and 10 s for the three experiments. As might be 
expected the initial kinetics were essentially the 
same for the three experiments (see Fig. 1). How- 
ever the CAD curves derived from these three 
experiments showed very sio~,fificant variations 
(Fig. 2). All three traces show an initial fast de- 
cline followed by an approximately linear decrease 
and a final period of accelerated decline. Clearly, 
the main differences between the three traces are 
the slopes and durations of the middle phases 
which decreased in slope and increased in dura- 
tion as the illumination time was extended. Since 
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Fig. 2. Logarithmic plots of the coe.,r;lementary area decrease 
for the three experiments shown in Fig. l, 
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we believed the physical processes underl.,ing these 
curves to be identical in the three experiments, we 
concluded that at least two of the three curves 
must be significantly in error. 

It seemed probable that the data analysis caused 
these errors and to investigate this idea we gener- 
ated a theoretical set of results and treated them 
with the same method of analysis to see how 
accurate the results of our analysis were. Since 
CAD curves are often analyzed as the sum of two 
phases, of which one and sometimes two are 
thought to be exponential, we generated a theo- 
retical [|uorcscence-induction curve as the sum of 
two exponential phases. This is shown in Fig. 3 
where curves (2) and (3) are the fast and slow 
phases and curve (1) is their '~um. Two CAD 
curves are shown in Fig. 4. Curve (1) was obtained 
using the mean value of 'fluorescence' between 
950 and 1000 units of time as Fm~ and while 
curve (2) used the mean of 'fluorescence' between 
500 and 550 units of time as Fro,. The differences 
between these two curves are very similar to the 
differences between the curves in Fig. 2 and, thus, 
agree with our hypothesis that the method of data 
analysis can lead to false conclusions. The rapid 
decline seen at the end of both curves is due to 
concluding the analysis of data at a finite time, 
instead of at infinity as an exponential requires. 
This leads to two errors, (a) neglecting an area 
above the curve which should be included in the 
calculation and (b) assuming a final value for the 
fluorescence which is too low. These errors have 
particularly large effects as the v~,~ue of the 'fluo- 
rescence' appr~ches the value of Fma x. We chose 
our theoretical curves so that our slow phase 
should have a slope of -0.003 and our fast phase 
a slope of -0.03 and each should contribute 50~o 
to the area above the 'fluorescence' curve. The 
correct final value of the 'fluorescence' was 3.3. 
The values of Fm~ were 3.28 for curve (1) (t = 1000 
time units) and 3.24 for curve (2) (t = 550 time 
units), which were thus in error by 0.6~ and 1.8%, 
respectively. The slopes of the middle phases of 
the two curves were estimated from what ap- 
peared to be the most linear regions and we ob- 
tained slopes of -0.00426 (curve (I)) and 
-0.0(}787 (cur~c (2)) so that the errors were 42% 
and 162~, respectively. However, when these re- 
sults were used to estimate the areas associated 
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Fig. 3. Three exponential curves used to test the data analysis 
procedures. Curve (2) is an exponential whom rate constant is 
0.03 and whose amplitude is 3.0 while curve (1) is an exponen- 
tial whose rate constant is 0.003 and whose amplitude is 0.3. 
Carve (1) is the sum , f  these two curves and is the theoretical 

'fluorescence' curve used in the test. 

with the two phases, the calculated contributions 
of the slow phase were 49.6~, (curve (1)) and 47~ 
(curve (2)). which are quite close to the correct 
value. To complete the analysis, we subtracted the 
effect of the computed slow phases and plotted 
the surviving tast phases in Fig. 5, where it can be 
seen that neither of the traces are linear. While the 
average slope of curve (1) is -0.04 and that of 
curve (2) is -0.0455, the corresponding average 
slopes for the first 50 points are -0.0327 and 
-0.0358, which are much closer to the correct 
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Fig. 4. Logadlhraic plots of lwo complementary area-decre~ 
curves derived from curve (1) in Fig. 3. The upper ,-:urve was 
calculated using a value of F.~,  which was the mean ,:¢ !he last 
50 points in curve (I), Fig. 3, while the lower curve t,sed ~he 
points between 500 and 550. The complementary areas were 

calculated in the ~me way as those in Fig. 2. 
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Fig. 5. Logarithmic plots of two complementary are~_-decrease 
curves derived from the corresponding curves in Fig. 4. The 
slopes a.nd intercepts of the most linear sections of the two 
plots in Fig. 4 were each used to characterize the slow phase of 
curve (,~0 in Fig. 3. The influence of each slow phase was then 
elimination from curve (1) in Fig. 3 and the new complemen- 

tary area data were calculated for the two curves shown here. 

value (-0.03). We have thus demonstrated that 
this method of analysis can give reasonably good 
estimates of the relative contributions of the fast 
and slow phases to the areas above the fluo- 
rescence curve, even with short illumination times, 
but that the values of the slopes, especially the 
slower slope, are likely to be over-estimated to a 
significant extent unless the period of illumination 
is long compared with the time constant of the 
slow phase. 

In Fig. 6 the results of an experiment are 
d, isplayed in which fluorescence induction was ob- 
served in the presence of 5 mM hydroxylamine 
and 50 #M DCMU. In comparison with the 
longest experiment in Fig. 2, we waited twice as 
long to assign a value to F,,a~ (18 s). The slope of 
the linear part of this trace is -0.25 s-] and the 
intercept which the extrapolation of this line makes 
with the ordinate corresponds to 39% of the total 
area above the fluorescence.induction curve. After 
subtracting the influence of this slowest phase 
from the fluorescence-induction curve, we gener- 
ated the new CAD curve shown in Fig. 7, and this 
curve is also biphasic. The slope of the linear part 
of the curve is -1.3 s -1 and the Y intercept 
corresponds to 28% of the total area above the 
fluorescence curve. Eliminating the influence of 
this phase in addition to the first, leads to a new 
CAD curve which is shown in Fig. 8. This is 
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Fig. 6. Logariti,mic plot of the complementary area decrease 
for an experiment in which a sample of chloroplasts was 
inhibited with 50 ~M DCMU and 5 mM hydroxylamine prior 
to the observation of fluorescence. The other experimental 

conditions were as described under Methods. 

clearly a linear phase as well, with a slope of -9 .0 
s -I, and this phase accounts for the remaining 
33~o of the total area. As determined by regression 
analysis of variance, the total goodness of fit 
parameter for each of the best=fitting straight iines 
used above had a value of greater than 0.99 and 
was highly significant. The best-fitting straight 
lines used to describe the other CAD plots pre- 
sented in this paper all yielded values of the 
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Fig. 7. Logarithmic plot of complementary area decrc~ de- 
rived from the correspondin 8 curve in Fig, 6 by eliminating the 
influence of the slow phase seen in Fig. 6 from the fluores- 

cence-induction curve and computing the complementary areas 
above the adjusted fluorescence curve. The procedures used 
were as described in Fig. 5. Note the biphasic nature of these 

two lines. 
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Fig. g. Logarithmic plot of the complementary area decrease 
derived from the curve shown in Fig, 7 using a procedure 

similar to that described in ~h¢ legend to Fig. 7. 

goodness of fit parameter in e.xcess of 0.99 and 
were very significant. 

The linear traces used to describe the CAD plot 
in Fig. 6 tell us that we are dealing with three 
exponential processes. A similar description was 
obtained for the longest experiment shown in Fig. 
2 ,  but the rate constants were - 0.5 s- l _ 3.2 ~- t 
and -18.7 s -1, which are much higller. Howew~'. 
the areas associated with these three phases wel'e 
41%, 25% and 33%, which are very simila," to those 
found above. 

In what follows we shall refer to these three 
phases as the a , / ]  and "y phases going from the 
fastest to the slowest phases in the CAD curve. 

The effect of prior illumination conditwns on/luo- 
rescence-induction curves 

in the experiments described below, the chloro- 
plasts were exposed to light or darkness for 30 
rain prior to the addition of DCMU and the 
observation of the fluorescence-induction curve. A 
comparison of the final fluorescence levels at- 
tained by broken chloroplasts inhibited by DCMU 
revealed that the effect of light incubation was to 
quench fluorescence emission by between 5% and 
20% of the fluorescence emitted by dark-incubated 
organe!les. The amount of fluorescence quenclung 
due to light incubation varied with the particular 
chloroplast preparation. In a typical experiment, 
the level following dark incubation was 10t)(:L 5)% 
and that following light incubation was g6(+ 6)%, 
where the mean dark value has been set at I00% 

and the figure in brackets is the standard devia- 
tion. When this experiment was repeated in the 
presence of 5 mM NH4CI, the corresponding fig- 
ures were 99(_+ 4)% (dark) and 74( + 7)%, revealing 
that the final fluorescence level was quenched 
after light incubation even in the presence of an 
uncoupler of photophosphorylation. The final flu- 
orescence lev¢! from light-incubated chloroplasts 
was not significantly fli,~;:rent from that from 
dark-incubated chloroplasts if DCMU was omitted 
(99( +4)% versus 100( + 6)%). When intact chloro- 
plasts were examined, the results ,yore vet3' s i~ lar  
to those with broken chloroplasts. The value for 
light-incubated chloroplasts in the presence of 
DCMU was 88(+ 6)% compared with I00(+ 6)% 
for the dark-treated organelles. Both the incuba- 
tion time and the intensity of light during incuba- 
tion had significant effects on the quenching of 
fluorescence in the light. For example, in an ex- 
periment in which a 30 rain light incubation caused 
a quenching of 6%, doubling the incubation time 
increased this to 11%. Also, in an experiment 
where 30 rain of light incubation at the usual light 
intensity caused a quenching of 8%, doubling the 
intensity produced a quenching of 17%. 

To explore ~the effects of light and dark incuba- 
tion in more detail, we im'estigated the fluo- 
rescence-induction curve, two examples of which 
are shown in Fig. 9. We normalized both of these 
curves with respect to the mean value of fluo- 
rescence found between 18 s and 20 s, and we also 
subjected them to a cur, m-smoothing procedure. 
These two exFefiments were performed with intact 
chloroplasts 9::,! the fluorescence was observed in 
the presence of 5 mM NH,_OH and 50 FM DCMU. 
Both curves have the usual sigmoidal shape, but 
the curve from the light-incubated sample rises 
more slowly than the other curve and reached only 
92% of its final value after 1 s, compared with 95% 
for the curve for the dark-incubated sample. The 
maximum value of the variable fluorescence for 
the light-incubated santpte was 11% less than the 
val,ae for the dark-incubated sample. There was no 
significant difference lit the values of F 0 for these 
two experiments. 

The complementary area decreases for these 
experiments were computed and are plotted as 
logarithmic functions of time in Fig. !0. Both of 
these traces exhibit an initial, fast decline followed 
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Fig. 9. Variable fluorescence as a function of time from two 
samples of chloroplasts, one of which had been exposed to 
fight (650 nm, 6 ltE.M-2.s -I) and one which had been kept 
in darkness for 30 rain. 5 mM hydroxylamine and 50 pM 
DCMU were pre,~nt wi~n iiuorescencx was observed. These 
results were subjected to a curve-smoothing procedure. Other 

experimental conditions are given in under Methods. 

by slower, linear fall which indicates an expone,'l- 
tial process. The slopes of these 3' phases are very 
similar but the intercepts which their projections 
make with the ordinate are quite different. 

Elimination of the 3' phases from the fluo- 
rescence curves generated two new CAD curves 
describing only the fast, initial changes as shown 
in Fig. 11. These traces are quite similar but there 
appear to be small differences in the slopes and 
intercepts of the linear phases. We repeated the 
process of subtracting the influence of the slow,// 
phases and thus generated the final, two CAD 
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Fig. 11. The complementary area decreases derived by sub- 
tracting the influence of the slowest phase seen in Fig. 10 from 
the fluorescence curves in Fig. 9 and calculating the areas 

above the adjusted fluorescence curves, 

curves shown in Fig. 12. These are the a phases 
and to a good approximation these are straight 
lines with very similar slopes. 

A numerical description of these two experi- 
ments along with another experiment in which 
intact chloroplasts were incubated in the light in 
the presence of the uncoupler NH4CI (5 mM) is 
presented in Table L Each CAD curve has been 
analyzed as the sum of three exponentials and it 
can be seen that the rate constants for the differ- 
ent phases had very similar values in the three 
experiments. However, the relative sizes of the 
three areas associated with these phases are 
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Fig. 10. The complementary area deceases for the experiments 
in Fig. 9 plotted Io~lrithmieally as a function of time. 
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Fig, ]2. The complemen',ary area decreases corresponding to 
the initial fast pha.c~..s in Fi~. 11 plotted ioBarithmically as 
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TABLE i 

THE RATE CONS[AN~'P3 AN.n AREAS ASSOCIATED WITH THE THREE KINETIC PHASES OF FLUORESCENCE 
INDUCTION 

The results are from two experiments shown in Fig. 9 and another light experiment performed in the presence of 5 mM NH4CI. 
Fluorescence was observed in the presence or ";0 ~M DCMU and 5 mM hydroxyiamine. The rate constants and areas are the stopes 
and intercepts of the best-fitting straight 5nes ~or the logarithmic CAD plots. The goodness of fit parameter was greater than 0,99 in 
every case as determined by regression analysis of variance, 

Expt, Rate constants Areas Areas Total area 
(s- i ) (% of total area) (absolute values, relative units) (relative units) 

Light 6.4 1.3 0.24 27 23 50 128 106 235 469 

Dark 6,8 1.2 0.23 39 27 34 152 106 133 2?', 

Light + NH4CI 7.0 1.4 0.23 25 21 54 128 110 280 518 

markedly different with about 50% being associ- 
ated with the 7 phase in both the light-incubated 
samples and only 34% in the y phase of the 
dark-incubated sample. Both the ,~ phase and the 

phase are relatively larger in the dark-incubated 
sample. A somewhat changed picture appears when 
we consider the actual areas above these three 
curves. The total areas above the induction curves 
for the light-incubated samples are larger than 
that for the dark-incubated sample but they are 
also different from each other. The difference 
between the light-incubated samples can be en- 
tirely ascribed to the , /phases,  since the a and 
phases are identical. In contrast the dark-in- 
cubatexi sample differs from the other two samples 
in that it has a smaller r phase and a larger a 
phase, while the area associated with the ~! phase 
remains almost constant in all three samples. The 
final value of the variable fluorescence for the 
chloroplasts incubated in the presence of the un- 
coupler and light was !.1% less than the dark 
value. 

Discussion 

Although fluorescence-induction transients 
have been observed and interpreted by many 
workers, surprisingly little attention has been given 
to the flaws which might be present in such ex- 
periments. Important exceptions to this are the 

works of Bell and Hipkins [13] and Schreiber and 
Pfister [14] who both stressed the importance of 
using an adequately long period of illumination 
when performing fluorescence induction experi- 
ments. Bell and Hipkins [13] demonstrated this by 
treating the results of one of their experiments in 
the same manner as we did with our theoretical 
fluorescence curve and generated similar effects. A 
major advantage of using a theoretical curve to 
study the analysis procedure is that the correct 
values of the parameters are known and can be 
compared with the results of calculations and, 
hence, the reliability of the analysis ascertained. 
Thus, we have found that there will always be a 
final, very fast decline in the area growth curves 
which is due to the need to assume a finite time 
when the fluore, sccnce has re, ached its final value. 
This assumption also affects the slope values ob- 
tained so that an error of as tittle as 0.6~ in the 
estimate of the value of Faro can cause the slope 
of the slow phase to be over-estimated by 42%. It 
is therefore clear that attempts to measure the rate 
constants associated with fluorescence-induction 
curves are only likely to yield accurate informa- 
t ion  if extreme care is taken to estimate the Fmax 
value accurately. In contrast, the division of area 
between the fast and slow components was not 
nearly so sensitive to the error in Fro. ~. The reason 
for the change in slope of the slow phase in the 
two curves in Fig. 4 is associated with the position 
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of the linear regions. For curve (1) this lay at a 
later time than for curve (2) and there was thus 
less overlap between the two exponential phases 
which had been used to construct these data and, 
hence, a more accurate estimate of the slope was 
obtained. It seems very probable that a similar 
explanation applies to the results shown in Fig. 2. 
The calculated fast phases were also significantly 
in error with respect to their slopes and form. 
However, the errors in the slopes were not too 
great (about 10%) if only the earlier parts of the 
curves were used for the calculation. 

The most surprising result of these calculations 
was the curved appearance of these fast phases 
where a linear trace would have been the ideal 
result. Downwardly concave fast phases have been 
found by groups working with chloroplast pre- 
parations, for example Molls and Duysens [15] 
who interpreted these curves as evidence that there 
was excitation energy transfer interactions be- 
tween Photosystem II units (see Fig. 7 [15]). We 
cannot say that the groups who have observed 
such curved fast phases with chloroplasts are 
wrong in their interpretations, but we do believe 
that a fresh look at all such claims is required, to 
rule out the possibility that the curvature is simply 
an artifact of the data analysis. With the longer 
periods of illumination used in this study we con- 
sistently obtained CAD curves which are best 
described as the sum of three exponentials. 

Having demonstrated that the method of data 
analysis can cause errors, we must ask whether our 
experiments have yielded data which can be re- 
garded as reliable. As the theoretical study dem- 
onstrated that the duration of the illumination 
period was of crucial importance in obtaining 
results which were accurate, we tried to extend our 
experiments until the results did not change any 
further. As was shown, this was not entirely suc- 
cessful, since the slopes of the phases decreased 
with longer periods of illumination and so we 
must regard thc slope values we obtained as being 
too large. However, the areas above the fluores- 
cence curves associated with the three phases did 
appear to be reproducible for the two longest 
illumination periods and can probably be accepted 
as reasonable estimates. This difference in the 
reliability of the two types of result is in accord 
with our theoretical findings. 

A major result emerging from this study is the 
existence of three phases in the CAD plots. This is 
in contrast to results found by earlier workers 
(e.g., Ref. 15) who found only two phases which 
were described in the a and fl phases. We believe 
that the presence of this third and slowest phase 
has gone undetected because most earlier fluores- 
cence-induction experiments were concluded too 
soon for this phase to become apparent. Examina- 
tion of the results in Refs. 13 and 14 suggests that 
the ~, phase was observed, but it was not recog- 
nized. Indeed, Schreiber and Pfister [14] discussed 
the slowest phase in their results as if it were the/~ 
phase, but they did not include an analysis of the 
initial part of their CAD curves in their paper and 
so did not have an opportunity to identify the 
phase. As mentioned earlier, a number of hy- 
potheses have been advanced to explain the nature 
of the distinction between the a and/~ phases. It 
now appears that these hypotheses will ha~e to be 
re.examined because of the existence of this third 
phase. The nature of this third phase is unclear, 
but we can offer evidence that at least its existence 
does not depend, to any significant extent, on a 
cyclic back-flow of electrons around PS II. This is 
because the number of phases, their exponential 
nature and their relative sizes were unaffected by 
the presence of 5 mM hydroxylamine (compare 
the analysis of Fig. 6 and the longest experiment 
in Fig. 2). 

Our discovery that the incubation of chloro- 
plasts in the light causes a quenching of fluores- 
cence is reminiscent of the photoquenching phe- 
nomenon reported previously [16]. The latter was 
shown to involve the formation of a hydrogen ion 
gradient across the thylakoid membrane or high- 
energy state (HES) and was found to occur in 
whole cells, intact chloroplasts and broken chloro- 
plasts [17]. The circumstances which control the 
manifestation of HES-depcndent fluorescence 
quenching in broken chloroplasts include (a) the 
presence of ascorbate or azide or NADP and 
ferrcdoxin; (b) the absence of uncouplers of pho- 
tophosphorylation; and (c) the absence of DCMU 
at concentrations in the micromolar range or 
higher. Thus, we can be confident that HES-de- 
pendent fluorescence quenching was not involved 
here, since the effect we found was in the presence 
of 20 pM DCMU and with chloroplasts which 
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were uncoupled during light exposure. In the case 
of intact chloroplasts, it might be thought that the 
quenching was due to a redistribution of more 
absorbed light energy towards PSI as a result of 
the phosphorylation of the thylakoid membrane 
proteins. However, the incubation of such chloro- 
plasts in the presence of light and NH,)CI still 
produced the fluorescence quenching. Another 
possible explanation for this quenching could be a 
light-stimulated leakage of e!~trons from the re- 
ducing side of PS Ii to the oxidizing side, To 
explore tiffs possibility we injected 5 mM NH:OH 
into the bathing medium along with the DCMU, 
since this is believed to prevent this leakage of 
electrons by reducing the redox compounds on the 
oxidizing side of PS II [181. The presence of 
NH2OH did not prevent the light-induced 
quenching of fluorescence and so this idea does 
not appear to be valid. We conclude that the 
fluorescence quenching found here cannot be 
readily explained by any of the currently accepted 
mechanisms and a new mechanism is required. 

The light-induced fluorescence quenching seen 
in this study is associated with changes in the total 
area above the fluorescence-induction curve (Ta- 
ble I), As explained above, the area above the 
fluorescence-induction curve is related to the total 
number of electron accepters available to PS II 
before the site of inhibition by DCMU. However, 
such a straightforward interpretation must be 
qualified, since there are different kinetic phases 
present as fluorescence induction develops [19] 
and, as has been pointed out [20], it is possible 
that the quantum efficiency of fluorescence emis- 
sion may be different for each of these kinetic 
phases. Thus, the total number of dectron accep- 
ters would depend on the relative amounts of the 
different phases which were present and not merely 
on the total area above the fluorescence curve. 
Hence, when we examine Table 1 and see that the 
total area above the fluorescence-induction curve 
was smaller after dark incubation, we cannot say 
that this is conclusive evidence of a decrease in the 
number of electron accepters without some 
knowledge of the quantum efficiencies of the three 
phases. All that can be stated is that there was a 
decrease in the amount of the y phase and an 
increase in the amount of the a phase. 

Many papers dealing with CAD curves have 

made comparisons on the basis of the percentage 
areas occupied by the a and /] phases in the 
experiments that have been compared (e.g., Refs. 
14, 21 and 22). As we have shown in Table I this 
type of comparison can lead to a significantly 
different description of events from one based on 
absolute area determinations. To be specific, our 
percentage area figures suggest that the/~ phase is 
significantly larger following dark incubation, 
while our absolute area results suggest that the 
phase is unchanged in all three experiments. 
Hence~ a description based solely upon relative 
areas can lead to a serious misunderstanding of 
events when there are large differences in the total 
areas above the curves, and we suggest that future 
studies involving comparisons of the areas above 
fluorescence curves should include estimates of 
the total areas. 

All the leaves employed for the isolation of 
chloroplasts in this work had been kept in the 
dark for a minimum of 2 h prior to their use. 
There was a brief exposure to room light (about 5 
rain) during chloroplast isolation and then the 
chloroplasts were kept in the dark until the experi- 
ments were performed. We consider that prior to 
light in~:ubation all the chloroplasts were in a 
dark-adapted state. Starting from this assumption, 
we propose the following model as a possible 
explanation for these results and as a basis for 
further work. The a-phase respresents a group of 
PS II reaction centre,s, each of which are associ- 
ated with a large number of pigment molecules. 
Once light incubation begins, there is a dissocia- 
tion of some of the pigment molecules (which are 
probably bound to proteins) from these a PS II 
centres, leaving behind smaller complexes which 
we detect as the increase in the number of centres 
in the "), phase. The pigment molecules which 
become dissociated could become associated with 
PSI complexes or with new PS II reaction centres 
which are activated by the light. This would leave 
the B phase as an unchanging group of PS II 
ce.'rtres possibly located in the non-appressed re- 
gions of the thylakoid membranes as has been 
suggested [23]. The decline in fluorescence could 
occur as a result of the transfer of pigment mole- 
cules to PSI  or because of a decreased quantum 
yield in y centres compared with a centres. The 
slow kinetics of the y phase would appear because 
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of the smaller light-harvesting capabilities of the 
smaller number of pigment molecules per reaction 
centre. 
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