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Applying a rapid modulation system for m easurem ent o f chlorophyll fluorescence yield
(U . Schreiber. Photosynth. Res. 9. 2 6 1 —272 (19 8 6 )) the induction kinetics upon onset of strong
actinic illumination previously studied by Delosme (Biochim . Biophys. A cta 143, 108—128
(1 9 6 7 )) are reinvestigated. With increasing actinic intensity the fluorescence rise is changed from
the typical O -I-P characteristic to a more complex rise curve with two interm ediary levels I, and
I2, both of which show saturation at high intensity. The typical kinetics at saturating light intensity
(0 -1 ,- D - L -P ) are observed in a variety of plant species. The properties of the kinetics with respect
to light intensity, tem p erature, electron acceptors and PS II inhibitors suggest that the O -I, phase
is controlled by photochem ical charge separation (photochem ical phase), while the 1 ,-D -L -P
transients are limited by dark reactions (therm al phases). Dichlorophenyl-dim ethylurea (D C M U )
elim inates the thermal phases by raising I, to the original I 2 level. While in principal the previous
findings by D elosm e are confirm ed, there, is the new aspect of two distinct com ponents in the
therm al part of the rise curve, which display different properties. Electron accep tors suppress only
the I2-P phase, which appears to parallel the reduction of the plastoquinone pool, which is a
fluorescence quencher when oxidized. While the D C M U effect suggests quenching control during
I r I 2 by reoxidation of PS II acceptors, this suggestion is contradicted by the observed saturation
of I, with light intensity and at low tem peratures. The relevance of these results with respect to
quenching analysis o f chlorophyll fluorescence by the saturation pulse method is discussed.

Introduction
Chlorophyll fluorescence is a complex indicator of
the photosynthetic reactions in chloroplasts (for re
views, see ref. [1 —3]). The complexity arises from
the existence of various quenching mechanisms by
which the fluorescence yield of chlorophyll in vivo is
affected. In principal, one may distinguish between
photochemical and non-photochemical types of
fluorescence quenching. Bradbury and Baker [4]
have suggested an experimental approach by which it
is possible to differentiate between these two types of
quenching: Applying a second, strong actinic illumi
nation on top of any given fluorescence state, all
photochem ical quenching may be temporarily re-
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m oved, allowing the determination of photochemical
and non-photochemical components of total quench
ing (light-doubling m ethod). F o r practical applica
tions this method has been further developed by the
use of modulation techniques [5 —8]. Recently, a par
ticularly selective modulation fluorometer was intro
duced, which allows the application of very intense
actinic light at a very low level of measuring light,
which by itself does not induce any variable fluores
cence [8 , 9]. With this system quenching analysis by
the so-called “saturation pulse m ethod” has become
a practical tool in plant physiological work [ 10 —12 ].
It has been shown, that under appropriate conditions
the photochem ical quenching determined by this
method correlates well with assimilation rate [ 10 ].
H ow ever, recent work has also revealed that at high
levels of m em brane energization a correction has to
be applied: W eis et al. [11] showed that there is a
kind of non-photochemical quenching which lowers
the quantum yield of open PS II centers. Further
m ore, when calculating rate from photochemical
quenching it also has to be considered that cyclic
electron flow around PS II may cause “non-linear
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photochemical quenching” [13]. These aspects call
for more information on the differentiation between
photochemical and non-photochemical quenching
components by saturating light. While the saturation
pulse method, as it is normally applied, considers
only the peak fluorescence level reached after sever
al hundred milliseconds, there is detailed kinetic in
formation available from the rise kinetics during the
pulse [9].
The kinetics of the fluorescence induction curve at
extrem e light intensities were already studied 20
years ago by Delosme [14]. This author described the
separation of the rise kinetics at saturating light in
tensity into two phases with largely differing proper
ties. Only the first phase was found to parallel the
photochemical charge separation at PS II reaction
centers (photochemical phase), while the second
phase was shown to be limited by dark reactions
(thermal phase). From the properties of the thermal
phase, Delosme concluded that it reflects the reduc
tion of a secondary acceptor R , closely associated
with the PQ-pool. In later work, V ernotte et al. [15]
demonstrated that non-primary PQ can quench
chlorophyll fluorescence in a non-photochemical
way. However, the widespread opinion reflected in
the literature that R-quenching can be explained by
this finding is not in agreement with Delosmes data
[14], who actually showed that inhibitors such as
D C M U increase the photochemical phase at the ex 
pense of most of the thermal phases. Furtherm ore, in
a subsequent study, Delosme discovered that the
fluorescence yield, observed during application of a
[xsec-flash, depends on the S-states of the watersplitting enzyme system [16]. Until to date it has not
become clear in which way this S-state dependent
quenching and R-quenching are related. The issue
has been further complicated by the discovery of a
secondary PS II acceptor, which also is a PQmolecule and was called “R ” [17], and by the ch arac
terization of various types of PS II heterogeneities
(for a review, see ref. [18]). It may be stated that
there is considerable confusion in the literature with
respect to the significance of various forms of
fluorescence quenching, controlled by different types
of centers, photochemically or non-photochemically,
by donor or acceptor side properties.
Since the development of the saturation pulse
method [4 —9], and in view of its great potential for
practical use in plant physiology, there is renewed
interest in the question of what quenching m echa
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nisms govern fluorescence yield in saturating light. If
there is non-photochemical quenching, correspond
ing to D elosm e’s R-quenching, removed during a
saturation pulse, this should be considered when
determining photochemical quenching. Also the as
pects of donor side dependent quenching and non
linear photochemical quenching deserve to be fur
ther investigated. Therefore, a reinvestigation and
extension of Delosme's original work [14, 16] under
the particular conditions of the saturation pulse
method appears to be of great interest.
In the present study, the fluorescence rise kinetics
upon onset of continuous illumination were meas
ured under a variety of conditions, causing changes
in the properties of photochemical and thermal
phases. While we can confirm the essential findings
of Delosme [14, 16], additional information will be
presented which may lead to a better understanding
of the mechanism of non-photochemical quenching.
It will be shown that what has been referred to as
“thermal phase” , is in fact a multitude of rise com po
nents with largely differing properties, which are
controlled by PS II acceptor and donor sides. The
results were devided in to two parts: This communi
cation deals primarily with the general phenomenol
ogy of the polyphasic fluorescence rise kinetics and
with aspects of the PS II acceptor side. In the accom 
panying contribution [19] the control of the rise kine
tics by the donor side is investigated and a general
evaluation of the results is presented.

M aterials and Methods
Spinach (Spinacia oleracea L ., Y ates Hybrid 102)
was grown in the greenhouse. Intact spinach chloro
plasts were isolated following standard procedures
[20]. Usually, about 80% of the chloroplasts had
intact envelopes, as estimated by the ferricyanide
method [21]. Chloroplasts were suspended in an
isotonic medium containing 330 mM sorbitol, 50 mM
H E P E S -K O H at pH 7 .6 , 5 m M MgCl2, 0.5 m M
N aH 2P 0 4. Chlorophyll concentration was 50 j^g/ml.
Chlorophyll fluorescence was measured with a mod
ulation fluorom eter (PA M chlorophyll fluorom eter,
H. W alz, Effeltrich, F R G ) [8 , 9], The fluorometer
was equipped with four-armed fiberoptics connecting
a suspension cuvette with a light-emitting diode
(pulsed excitation light), a photodiode detector, a
source for continuous actinic light (150 W halogen
lamp, Osram Xenophot H L X ) and a source for
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single turnover saturating flashes (X S T 103, W alz).
Actinic illumination was controlled by an electro
magnetic shutter (Com pur-electronic-m ). Heat fil
tered white actinic light (k < 700 nm, Balzers DT
Cyan) was used, the intensity of which was varied by
neutral density filters (Schott NG series). The selec
tivity of the fluorom eter for the pulsed fluorescence
signal was not disturbed at the highest light inten
sities applied. Kinetic traces were recorded on a Di
gital Storage Oscilloscope (Nicolet 2090) from which
they were plotted. If not stated otherwise, leaf sam
ples or chloroplasts were dark adapted for at least
2 h before use. The measuring light was turned on
briefly before actinic illumination. Simultaneously
with onset of illumination, modulation frequency
was increased from 1.6 to 100 kHz by intrinsic trig
gering circuitry provided with the fluorometer (PA M
103, W alz). The time resolution of the measuring
system was limited by the shutter opening time,
which was determined with a PIN-photodiode receiv
ing continuous light via shutter and fiberoptics. Full

shutter opening was within 1 msec. A t 400 and
700 pisec, 5 0% and 9 0% opening was observed, re
spectively.

Results and Discussion
A t m oderate actinic light intensities a predarkened
sample displays the well-known two-step fluores
cence rise kinetics, denoted with O -I-P in the litera
ture [1 —3]. Despite a great number of studies deal
ing with this O -I-P rise, there is still uncertainty
about the detailed interpretation of the two rise
phases. Relevant information may be obtained from
the light intensity dependence of the rise kinetics.
This can be favorably studied with the given mod
ulated measuring system (see Materials and
M ethods), which allows application of a large range
of actinic light intensities at low, constant measuring
beam intensity.
Fig. 1 shows a series of induction curves at increas
ing actinic light intensities for intact spinach chloro-

Fig.
1. Light-induced increase of
fluorescence yield at varying light inten
sities. A ) Light intensities ranging from
12 W /m : to 250 W /m : . B ) Light inten
sities ranging from 400 W /m : to 5200 W /
m : . N ote the difference in time scales
betw een (A ) and (B ). In (B ) the first
interm ediate level. I ,, and the dip, D ,
are indicated: only the first part of the
following rise to I 2 is shown which dis
plays two subphases. Intact spinach
chloroplasts; 20 °C.
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plasts. With increasing intensity the time course is
not only speeded up, but there is a remarkable
change in curve characteristics, as additional phases
and sub-phases may be distinguished.
Eventually, at very high light intensities a satu
rated rise pattern is established. This pattern appears
to represent basic properties of PS II, because it is
observed as well in chloroplasts as in intact leaves of
a great variety of plant species (see Fig. 2). To facili
tate a discussion of the different rise components, it
is necessary to introduce denotations for the various
characteristic fluorescence levels (Fig. 3):
A rapid initial rise from the Fc-level to a first inter
m ediate level, I], is followed by a dip, D. The follow
ing rise to a second intermediate level, I2, displays
two subphases. Eventually, fluorescence increases
from I 2 to the peak-level, P (also denoted with F m in
previous work).
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In Fig. 4 the light intensity dependencies of the I),
I 2 and P levels are plotted. The measurements were
carried out with intact chloroplasts without addition
of an artificial electron acceptor. First the P level
saturates, then the I2 level, and only at considerably
higher intensities there is saturation of the Ij level.
In order to test, whether the I] level is influenced
by thermal reactions causing PS II acceptor reoxida
tion, the rise kinetics were also measured at lower
tem peratures.
Fig. 5 shows a series of induction curves at m axi
mal actinic light intensity with decreasing tem pera
ture. In Fig. 6 the tem perature dependencies of the
characteristic levels are depicted. Down to about
—30 °C, the I] level is somewhat raised; at still lower
tem peratures ^ is decreased again. The rates of the
dip phase and of the following rise phases become
slowed down and the I 2 and P levels are lowered with

Fig. 2. Flu orescence rise kinetics at saturat
ing light intensity of a variety of plant
species. A . Eremosphaera sp ec.; B . Marchantia polymorpha; C. Dryopteris filixmas; D. Thuja occidentalis; E . Spinacea
oleracea; F . Zea mais. Light intensity, 3000
W /m 2. T em p eratu re, 20 °C.

beam

on

Fig. 3. D enotations of the various
ch aracteristic fluorescence levels in an
induction curve at saturating light inten
sity. Intact spinach leaf. F o r explana
tion, see text.

1250

Fluorescence

yield,

rel. units

Ch. N eubauer and U . Schreiber •Polyphasic Fluorescence Rise: I. Control by PS II A ccep to r Side

0

0

1000

2000

3000

4000

Light Intensity, W- m'2

5000

Fig‘ 4 ‘ Light-intensity dependencies of the ch arac
teristic fluorescence levels. Intact spinach chloroplasts; 20 °C.
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Fig. 5. Tem perature dependency of in
duction kinetics at saturating light in
tensity. Spinach leaf discs. To avoid a
preillumination effect, the measuring
light was switched on about 1 sec before
onset of actinic illumination (5200 W /
n r).

Temperature, °C

Fig. 6 . T em perature dependency of the characteristic
fluorescence levels observed in an induction curve at
saturating light intensity. Conditions as in Fig. 5.
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Fig. 7. E ffect o f the electron transport inhibitor
D C M U on the induction kinetics in saturating
light. Broken spinach chloroplasts, class D. A d 
dition of D C M U 2 min before actinic illumina
tion. M easuring beam switched on about 1 sec
before actinic illumination.

decreasing tem peratures. Below —35 °C the “ther
mal phases” (Ip D , D -I 2 and I 2-P) are completely sup
pressed, resulting in an apparently monophasic rise
curve. How ever, also the “photochemical phase” is
slowed down, suggesting that the PS II quantum effi
ciency at very high light intensity is decreased at low
tem perature.
The findings that Ii saturates at high light intensity
(Fig. 4) and that lower tem peratures do not lead to a

DCMU-concentration, mol • 1-1

Fig. 8 . D C M U -concentration dependency of characteristic
fluorescence levels of induction kinetics in saturating light.
Conditions as in Fig. 7.

substantial further increase of I, (Fig. 5 ), appears to
rule out that the quenching at I] is caused by reoxida
tion of the primary PS II acceptor. Y e t, it was al
ready shown by Delosme [14] that PS II inhibitors
like o-phenanthroline and D CM U eliminate the
“thermal phase” , at the same time increasing the am 
plitude of the photochem ical phase. W e have rein
vestigated the effect of PS II inhibitors on the 0 - I r
D -I2-P kinetics in spinach chloroplasts. Fig. 7 shows
the effect of D C M U on the rise kinetics. In Fig. 8 the
D C M U concentration dependencies of the charac
teristic levels are plotted. It is apparent that with
increasing concentration, D C M U causes first a de
crease of P and I2. Then Ij is raised and the I r I 2
phase becom es eliminated. Eventually there is a rise
of the O-level. Effects very similar to that of DCM U
were observed with o-phenanthroline, ioxynil and
phenylurethan (data not shown). A common obser
vation for all of these inhibitors was that the dip
phase was almost unaffected at concentrations where
the I r level was already significantly raised; with ophenanthroline it persisted at the highest concentra
tions applied.
E lectron acceptors, which suppress the I-P rise of
fluorescence at m oderate light intensities, selectively
suppress the I2-P rise at saturating light intensity. In
Fig. 9 the effect of methylviologen on intact chloro
plasts is depicted. Very similar results were obtained
with Class D chloroplasts, using N A D P + ferredoxin, methylpurple or low concentrations of ferricyanide (up to 5 x 10 -4 m ) as acceptors. A t higher
concentrations, ferricyanide also lowered the I r level
(not in the figures).
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Fig. 9. E ffect of the electron accep tor methylviologen on
the induction kinetics. A . A t m oderate light intensity
(25 W /m 2). B . A t saturating light intensity (3000 W /m ").
Intact spinach chloroplasts. T em peratu re, 15 °C.

Discussion
By applying very high actinic light intensity, the
fluorescence rise kinetics are clearly separated into a
“photochem ical'’ and a “therm al” part, as was al
ready observed by Delosme [14]. While this author
considered one homogenous “thermal phase” , the
present results allow to differentiate between I r D.
D -I 2 (with two sub-phases) and I 2-P. This differentia
tion is essential, as the I2-P phase displays properties
which are distinctly different from those of the m ajor
“thermal phase” between Ij and I 2 (see also discus
sion below). As has become obvious from the light
saturation characteristics, it is not possible to reach
the maximal fluorescence yield within less than about
200 msec, however high the applied actinic intensity.
This findings is important for practical applications,

like with the saturation pulse method [5 —13], where
a short light pulse is used to determine the maximal
fluorescence yield. With application of saturating
flashes, in the jisec to msec time range, the maximal
fluorescence can not be induced, a point which was
not considered in a recent report [22 ],
A s was already noted by Delosme [14], the rate
with which the high fluorescence state is formed, is
rem arkably independent of light intensity (see
Fig. I B ) . H ence, a thermal step appears to limit this
reaction. H ow ever, it may be noted as well that cool
ing from 25 °C to 10 °C did not cause much slowing
down of D -I2, which is significantly suppressed only
at subfreezing tem peratures (see Fig. 6 ). Therefore,
the term “thermal phase” is somewhat misleading, as
it suggests a particular thermal control, which actual
ly is not apparent.
F o r an understanding of the quenching at I 1? it is
im portant that the separation between photochemi
cal and consequent rise phases becomes more pro
nounced at lower tem peratures. H ence, it is unlikely
that the existence of the Ij level is due to a rapid,
thermally controlled reoxidation of PS II acceptors.
The dip phase, I r D , could well represent such a
reoxidation reaction, as its slowing down at lower
tem peratures is accompanied by some rise in Ij.
H ow ever, the finding of well separated I] and I 2
levels at low tem peratures, when I r D is slowed
down, rules out that the “dip process” is the main
cause for the fluorescence quenching at I].
A t the maximal intensity of 5200 W /m 2 approxi
mately one quantum is absorbed per PS II reaction
center every 50 (xsec. As the reoxidation of Q A at
room tem perature is characterized by a half time of
4 0 0 —600 (asec, at maximal intensity Q A reduction
should parallel the shutter opening. Indeed, the I r
level can be reached within 800 jisec. Another argu
ment for full Q a reduction at I t is the observation,
that the fluorescence yield measured after a saturat
ing single-turnover flash does not exceed the Ij-level
(9).
On the other hand, there is the effect of D CM U
and of other PS II inhibitors, which cause an increase
of I] and eventually eliminate all thermal phases. On
first sight, this effect seems to indicate a pathway of
rapid acceptor reoxidation at I l5 which becomes
blocked by the inhibitors. How ever, such interpreta
tion is contradicted by the saturation characteristics
of Ij with light intensity and at low tem peratures
which were already discussed above. It is also impor
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tant no n ote, that the dip phase does not become
slowed down at inhibitor concentrations which raise
the I] level. H ence, as already concluded from the
behaviour at low tem peratures the dip process can
not be responsible for the lowering of I).
In the presence of D C M U , the I2-P phase is elimi
nated, resulting in a lower peak level as compared to
the control. The same change was found with addi
tion of electron acceptors which are known to accept
electrons from PS I. Considering the hypothesis of
V ernotte et al. [15], it appears likely that oxidized
plastoquinone can quench fluorescence “statically” ,
i.e. independently from the “dynamic quenching” by
photochem ical energy conversion at PS II reaction
centers. H en ce, I2-P could reflect the reduction of
plastoquinone, which at saturating light intensity
should be determined by the rate of PQ H 2/PQ ex
change at the Q B-protein [17, 23] and by the rate of
P Q H 2-reoxidation via PS I.
The “thermal phase” described by Delosme [14]
corresponds to the D -I 2 rise in our study. In some of
D elosm e’s traces (e.g. Fig. 7b of ref. [14]) one may
distinguish a slower phase, which should correspond
to our I2-P phase but this feature did not play any
role in his discussion of the “thermal phase” . In this
context it is curious to note that in future work, when
reference to D elosm e’s R-quenching was made, that
part of the thermal phase was meant which corre
sponds most likely to I2-P and not to D -I 2 (see e.g.
ref. [15, 24, 25]). Delosme concluded that a
quencher R becomes eliminated in the course of the
“therm al phase” , closely correlated with the reduc
tion of the pool of secondary PS II acceptors. How
ever, it is obvious that the D -I 2 rise cannot involve
the rem oval of the same kind of “statical PQ-quenching” as suggested above for the I2-P phase. It has to
be emphazised, that effective PS I acceptors which
should slow down PQ-reduction do not slow down
D -I 2 (see Fig. 9).
Inhibition of PQ-reduction by D CM U not only
blocks the I r I 2 transient but also removes the in
volved quenching mechanism. H ence, to maintain
D elosm e’s hypothesis, one would have to assume
that R is identical with the secondary acceptor Q B
[17, 26], which actually also was denoted as “R ” by
Velthuys and Amesz [16]. It could be argued that Rquenching requires PQ binding to the B-protein,
which is prevented by competitive binding of
D C M U . Then D -I 2 could reflect the reduction of Q B,
and the two subphases could arise from the two step
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reduction to Q B~ and Q B=. An argument against this
interpretation is the relative insensitivity of D -I 2 with
respect to electron acceptors which should slow
down Q b= accumulation and, hence also at least the
second subphase of D -I2.
The present study of induction kinetics in saturat
ing light was initiated by recent advancements in the
use of the “saturation pulse m ethod” in plant physio
logical work (see Introduction). The results pre
sented above lead to conclusions which may be im
portant for the practical applications of this method:
1) Even with extrem ely high light intensity, it is
not possible to reach the maximal fluorescence yield
within less than about 200 msec illumination.
2 ) The I2-P phase, which most likely reflects re
moval of statical PQ-quenching, does not involve a
change in photochem ical quenching. H ence, it
should not be considered, when photochemical
quenching is evaluated. Applying saturation pulses
of about 40 msec duration would yield a maximal
fluorescence level corresponding to I2 and, hence,
the contribution of the I2-P phase would be elimi
nated. Alternatively, as with a given species the con
tribution of this phase to the total variable fluores
cence is relatively constant, a corresponding correc
tion could be made.
3) In principal, it would be advantageous not only
to measure the maximal level of fluorescence ob
tained in a saturation pulse but to resolve the rise
kinetics. Additional information may be drawn from
an evaluation of the different rise phases.
4 ) Although with the present state of information a
detailed interpretation of the D -I 2 transient is not
possible, the presented results favour the conclusion
that this part of the fluorescence rise is unlikely to
reflect elimination of “norm al” photochemical
quenching. Photochem ical quenching, involving
electron transfer to Q A, should be completely sup
pressed at I). In the following contribution, results
will be presented which argue for a type of dissipa
tive quenching which is correlated with a decreased
rate of electron donation from the watersplitting en
zyme system.
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