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Abstract

The effects of dibromothymoquinone (DBMIB) and methylviologen (MV) on the Chl a fluorescence induction transient (OJIP) were studied
in vivo. Simultaneously measured 820-nm transmission kinetics were used to monitor electron flow through photosystem I (PSI). DBMIB
inhibits the reoxidation of plastoquinol by binding to the cytochrome b4/f complex. MV accepts electrons from the FeS clusters of PSI and it
allows electrons to bypass the block that is transiently imposed by ferredoxin-NADP “-reductase (FNR) (inactive in dark-adapted leaves). We
show that the IP phase of the OJIP transient disappears in the presence of DBMIB without affecting F',,. MV suppresses the IP phase by lowering
the P level compared to untreated leaves. These observations indicate that PSI activity plays an important role in the kinetics of the OJIP
transient. Two requirements for the IP phase are electron transfer beyond the cytochrome b¢/f complex (blocked by DBMIB) and a transient
block at the acceptor side of PSI (bypassed by MV). It is also observed that in leaves, just like in thylakoid membranes, DBMIB can bypass its
own block at the cytochrome b¢/f complex and donate electrons directly to PC" and P700" with a donation time 7 of 4.3 s. Further, alternative

explanations of the IP phase that have been proposed in the literature are discussed.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The Chl a fluorescence induction transient (OJIP) has
been studied extensively (for recent reviews, see Refs. [1-4]).
In the last few years several mutually exclusive hypotheses
have been put forward to explain the second and third kinetic

Abbreviations: Chl, chlorophyll; DBMIB, dibromothymoquinone, 2,5-
dibromo-3-methyl-6-isopropyl-p-benzoquinone; DCMU, 3-(3,4-dichloro-
phenyl)-1,1" -dimethylurea; F, and F,, fluorescence intensity measured
when all photosystem II reaction centers are open or closed, respectively;
FNR, ferredoxin-NADP"-reductase; I, photocurrent, a measure for the
transmitted light; LED, light emitting diode; MV, methylviologen, 1,1" -
dimethyl-4,4’ -bipyridinium-dichloride; OJIP-curve, fluorescence induction
transient defined by the names of its intermediate steps, O level,
fluorescence level at 20 ps, J level, fluorescence plateau at ~2 ms, I level,
fluorescence plateau at ~30 ms and P level, the maximum fluorescence
level; P680 and P700, reaction center pigments of photosystem II and I,
respectively; PC, plastocyanin; Qa, primary quinone electron acceptor of
photosystem II
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phases of the initial fluorescence rise (JI and IP). Here, we
will concentrate on the physiological processes underlying
the IP phase for which at least eight hypotheses have been
presented during the last 45 years. Initially, it was thought that
the reduction of an electron acceptor at the acceptor side of
photosystem I (PSI) was responsible for the IP phase [5-8].
Schreiber and Vidaver [9] proposed energy redistribution
between PSII and PSI. The observations of Vernotte et al. [10]
have been interpreted to mean that the IP phase can be
explained by removal of plastoquinone (PQ) pool quenching
as a consequence of reduction of the PQ pool (e.g., Refs.
[11,12]). The IP phase has also been thought to represent
variable PSI fluorescence [13,14], an effect of the electric
field [15] or the last step in the reduction of the acceptor side
of PSII [16]. Two more interpretations that have been put
forward are recombinational fluorescence (with respect to the
whole thermal phase of the fluorescence induction curve)
[17] and slowly closing stromal PSII reaction centers [14].
Some of these interpretations may have to do with the
fact that they were based on experiments with thylakoid
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membranes. During the isolation of thylakoid membranes,
ferredoxin on the acceptor side of PSI is lost and this
changes the Chl a fluorescence rise. For example, no clear I-
step is observed in thylakoid membranes [18-21].

Here, we have studied the effects of dibromothymoqui-
none (DBMIB) and methylviologen (MV) in vivo using Chl
a fluorescence and transmission measurements at 820 nm.
Both DBMIB and MV strongly affect the IP phase of the
fluorescence induction transient, each for its own reason.
Our results support the original hypothesis [5—8] that the IP
phase is related to electron transfer through PSI and the
induction of a traffic jam of electrons caused by a transient
block at the acceptor side of PSI (inactive ferredoxin-
NADP -reductase (FNR)).

2. Materials and methods
2.1. Plant material

For the measurements, mature leaves of 2-3-week-old
pea plants (Pisum sativum L. cv. Ambassador) were used.
Plants were grown in a greenhouse where the temper-
ature was 20-25 °C during the day and 14-16 °C at
night.

2.2. MV treatment

For the MV treatments, a 200 pM MV (1,1’ -dimethyl-
4,4 -bipyridinium-dichloride, Fluka) solution was applied to
both sides of the leaf with a fine brush. The leaves were not
detached and the plants were kept overnight in complete
darkness before the measurements were made. Stirring
clipped leaves for 12 min in 200 uM MV as done for the
DBMIB treatment (see below) gave very similar results (not
shown).

MV+DCMU treatment: Pea leaves were submerged into
a solution containing 200 pM MV, 170 uM DCMU and 1%
ethanol. Leaves were not detached and they were treated
overnight in complete darkness.

2.3. DBMIB treatment

Overnight incubation of undetached leaves in a DBMIB
solution was not effective. Instead, leaves with clipped
edges to allow a better uptake were stirred for 12 min in a
solution of 200 pM DBMIB (2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone, SIGMA) containing 1% of
ethanol. The leaves were stored in the DBMIB solution
until use. Leaves treated in the same way, but in the absence
of DBMIB, were used as controls.

DBMIB+DCMU treatment: First, leaves were treated
with DCMU (170 pM DCMU, 1% ethanol). Leaves were
not detached and they were treated overnight in complete
darkness. Subsequently, they were treated with DBMIB, as
described above.

2.4. Measuring equipment

Chl a fluorescence emission was measured by a Handy
PEA (Handy PEA-Plant Efficiency Analyser, Hansatech
Instruments, King’s Lynn, Norfolk, UK). Leaves were dark-
adapted for 30 min before they were measured. Illumination
(unless stated otherwise) consisted of a 1-s pulse of
continuous red light (650-nm peak wavelength, 3000 pmol
photons m~2 s~' maximum light intensity) provided by an
array of three light-emitting diodes (LEDs) focused on a leaf
area with a diameter of 5 mm.

Transmission changes at 820 nm and Chl a fluorescence
were recorded simultaneously using a dual channel PEA
Senior instrument (Hansatech Instruments). The first reli-
able measuring point for fluorescence change was at 20 us
whereas the first measuring point for transmission change
was at 400 ps. The time constant used for the transmission
measurements was 100 ps. The light intensity used for all
experiments was 1800 pumol photons m~2 s~ '. The light was
produced by four 650-nm LEDs. The far-red light source
was a QDDH73520 LED (Quantum Devices Inc.) filtered at
720%£5 nm. The modulated (33.3 kHz) far-red measuring
light was provided by an OD820 LED (Opto Diode Corp.)
filtered at 830+20 nm. Executing commands like turning on
and off the LEDs took about 250 ps. Turning on the red
light and starting the measurement were synchronized
commands. For the far-red light there was a delay of 250
us between turning on the far-red light and the start of the
measurement. Each measurement consisted of three parts.
First, the transmission was measured without amplification
and offset to obtain a value for total transmission (/o).
Subsequently, the transmission was measured with a gain of
50 to obtain a value for the transmission at =0. This was
followed by kinetic measurements.

3. Results
3.1. Chl a fluorescence rise

DBMIB is an artificial quinone introduced in 1970 by
Trebst et al. [22] and Bohme et al. [23] as an inhibitor of
photosynthetic electron transport and an antagonist of PQ. It
was shown that cyt b¢/f can accept only one electron from
DBMIB. As a semiquinone it remains tightly bound to the
cyt bg/f complex preventing in this way the reoxidation of
other PQH, molecules by cyt bg/f [24]. The DBMIB
concentration used in this study inhibits the cyt b¢/f
complex but it also has a limited effect on the Qg site. In
Fig. 1A several fluorescence induction curves in the
presence and absence of DBMIB measured at different
light intensities are shown. The main effect of DBMIB is to
make the IP phase disappear, which means that under
saturating light conditions the I level approaches the
maximum fluorescence level. On the other hand, the F,
level is not affected by the treatment. It can also be observed



252 G. Schansker et al. / Biochimica et Biophysica Acta 1706 (2005) 250-261

4000 B
A
- P F,
_ 3000} * #3000 AN
3 I 3000F <~ 3000
S 5 .sf 0 7000 2000 3000
o "lf Light intensity (umol m‘s“)l‘-I
- 2000 o000 JF o T
2 i A 2000} = 5 5000 N
g f f F
3 - d
Y @ f— -~ _
L™ ‘:f)lﬂ-"ﬂ"ﬂ:.
(E“ 1000 f =« 1000 1000+ j f "“"'_1-0'6-:-:
(@) antfl _OL:ii/E .if
- :'.-":ﬂ’g 3!6‘6': ° “MT__W;M :" T
oL = T e ol =500
0.01 041 1 10 100 1000 0.01 0.1 1 10 100 1000
Time (ms)

Fig. 1. Effect of DBMIB (panel A) and MV (panel B) on the Chl a fluorescence induction curve of pea leaves. The fluorescence induction transients (averages of
about 20 measurements each) are shown as measured. Closed symbols are the treated and open symbols the control leaves. Control leaves were treated in the same

way as the DBMIB- or MV-treated leaves, respectively. The light intensity (in pumol photons m™

2 1 . . . e g .
s~ ) at which the induction curves were recorded is indicated in

the panels. The inset of panel B shows the relative variable fluorescence at the P level (V) calculated as (( Fn/Fo—1)x umot m-2 s-/( F/Fo=1)3000 pmol m-2 s-1) a8 @
function of the light intensity. It was assumed that the ratio F,/F,, is independent of the light intensity and the F, values calculated on this basis are indicated in

panel B. See Materials and methods for further details.

that full inhibition of electron transport by DBMIB induces
a higher J level (~5% of F) and a slightly higher F, level
(~4% of F,) (Fig. 1A). The effect of DBMIB on the shape
of the fluorescence induction curve can be observed at all
measured light intensities.

Several authors have written about the effect of MV on
the fluorescence induction curve. Munday and Govindjee
[6] observed that infiltration of Chlorella pyrenoidosa cells
with MV strongly reduced the amplitude of the IP phase,
but had little effect on the OI phase. Neubauer and
Schreiber [11] observed that high light-illumination of
MV-treated chloroplasts suppressed the IP phase and
lowered the F',, level. Harbinson and Hedley [25] observed
a lower F/F, ratio in MV-treated leaves. Fig. 1B shows
that MV suppresses selectively the IP phase independent
of the light intensity. No effects of the presence of MV on
either the F, or J level are observed (see also Fig. 5). Our
data (see inset of Fig. 1B) do not exclude the possibility
that a further increase of the light intensity would reduce
the difference between F,, (control) and F,, (MV) and
thus lead to a more complete reduction of Q. The Fi,
level measured after a double infiltration of leaves with
DCMU and MV is almost identical to the F, level
measured in control leaves (not shown). This observation
and the absence of an effect on the O-J-I rise kinetics
indicate that treatment with MV did not cause photo-
oxidative damage.

3.2. Dark-adaptation kinetics of the Chl a fluorescence rise
In Fig. 2 the dark-adaptation kinetics of the Chl «

fluorescence induction transient after a 0.7-s red pre-pulse of
3000 umol m~2 s~ ! is shown for untreated control leaves

(Fig. 2A), in the presence of DBMIB (Fig. 2B) or MV (Fig.
2C). Comparing the dark-adaptation kinetics of control
leaves with DBMIB-treated leaves, several differences are
observed. The dip between the J level and F, that is so
prominent in control leaves at short time intervals between
the pulses is missing in DBMIB-treated leaves. Long ago, it
was demonstrated for leaves kept under anaerobic con-
ditions that this dip is related to a transient oxidation of the
PQ pool (and Q4 ) by PSI (e.g., Refs. [5,7]). The DBMIB
measurements confirm this interpretation. The most striking
effect of MV (Fig. 2C) is that in its presence the dark-
adaptation kinetics of the Chl a fluorescence induction
curves are very fast. The dark-adaptation kinetics in the IP-
region (Fig. 2C) also indicate that the IP phase is strongly
but not completely suppressed by MV.

In Fig. 3 the dark-adaptation kinetics of the O and J
levels derived from transients like the ones shown in Fig. 2
are presented. In the case of the DBMIB treatment, an extra
control, leaves treated with 1% ethanol (which was used to
dissolve the DBMIB), is presented. Panels A and B of Fig. 3
indicate that ethanol has a small effect on the reoxidation
kinetics of the electron transport chain. The clearest differ-
ence observed in panel B is an increase of the J level that
might indicate a slight perturbation of the Qg site by the
presence of the ethanol.

For the O level of the control (panel A) biphasic kinetics
with decay times of 0.6 and 40 s are observed, whereas for
the J level of the control (panel B) a decay time of 71 s is
determined. Looking at the effect of the DBMIB on the
dark-adaptation kinetics, we observe that the slowest phase
of the dark-adaptation kinetics of the O level has a much
smaller amplitude in the presence of DBMIB (see arrow in
panel A) and for the J level the occurrence of a second
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Fig. 2. Dark-adaptation kinetics of the Chl a fluorescence induction curve following a saturating pulse of red light in control leaves (A), DBMIB-treated leaves
(B) and M V-treated leaves (C). The fluorescence transients were double normalized between the F', and F, levels of the first pulse and in the case of the MV-
treated leaves the calculated F', (see Fig. 1B), instead of the measured P level, was used for the normalization. The dark-interval time between the first and the
second pulse is indicated in panel B for each symbol. For reasons of clarity, not all time intervals are shown for each treatment. Each transient represents the

average of about 20 measurements.

phase with a decay time of 3.9 s and representing about a
third of the total amplitude is observed (indicated by an
arrow in panel B).

The dark-adaptation kinetics of the O (panel C) and J
levels (panel D) in the presence of MV are much faster than
in its absence; after 100 ms of dark-adaptation, the O level
in the presence of MV is only a third of that in its absence.
This effect is also observed for the J level (panel D).
Already, during the first 100 ms after the end of the first
pulse the value for the J level has decreased strongly,
whereas in control leaves no change is observed during the
first 10 s of dark-adaptation. This reflects an almost
complete reoxidation of the PQ pool (see also below). In
a way, it is remarkable that for the O level (panel C), the
dark-adaptation kinetics of the control and MV-treated
samples are similar, despite the availability of oxidized PQ
molecules: approximately a third of the O level amplitude
dark-adapts like in control samples (Fig. 3C).

3.3. Effects of MV and DBMIB on the 820-nm transmission
level during red and far-red illuminations

In Fig. 4, the effects on the 820-nm transmission level
of a red (0.7 s, 1800 pmol m 2 s~ ")—far-red (15 s, 200
pumol m2 s ')red (2 s, 1800 pmol m 2 s ') light
sequence inducing a sequential reduction, oxidation and
reduction of the electron transport chain in control leaves
are shown. By filling, emptying and filling again the
electron transport chain, the oxidation and reduction
properties of the chain are made visible. For the control
leaves we observe that the red light induces an initial
oxidation of PC and P700 followed by a full reduction. In

both the DBMIB- and MV-treated leaves, this re-reduction
phase is missing. Instead, a further oxidation occurs,
although in the presence of MV no full oxidation of PC
and P700 is achieved (compare the lowest transmission
level of the MV trace with that of the DBMIB trace).
DBMIB effectively prevents PSII electrons from reaching
PC and P700, and MV accepts electrons from the electron
transport chain at almost the same rate as PSII is pumping
them into the chain. The subsequent FR pulse oxidizes PC,
P700 and Fd nearly completely under all three conditions.
In the DBMIB-treated leaves we observe only a small
transient increase in the 820-nm transmission value. The
fact that the transmission level is similar at the beginning
and at the end of the far-red light pulse indicates that PC,
P700 and Fd were almost completely oxidized by the
preceding red light pulse. In the presence of MV the
behaviour is quite different. The transmission level is low
at the beginning of the measurement, increases as electrons
from the (partially) reduced PQ pool reduce PC" and
P700" but subsequently return to a low level as the far-red
light oxidizes the whole electron transport chain. Making
the same measurement in the absence of (far-red) light, the
same increase of the transmission level is observed but in
this case the re-reduction phase continues and is completed
within 100 ms (not shown). Finally, the second red light
pulse re-reduces the electron transport chain in the control
leaves, whereas in the DBMIB-treated leaves PC and P700
were in the oxidized state and remained oxidized. In the
MV-treated leaves a small increase of the transmission
level is observed in the red light. The transmission level
returns to the ‘steady state’ level observed at the end of the
first red pulse.
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Fig. 3. Dark-adaptation kinetics of the O and J levels (as a fraction of F) in the presence or absence of DBMIB (panels A and B) and MV (panels C and D),
respectively. The data points were obtained from measurements like the ones shown in Fig. 2. The kinetics was fitted with one to three exponential functions.
Special features are indicated with an arrow. Note that the starting points of the y-axes are different for the different panels. In panels A and B leaves treated
with either water or water containing 1% ethanol represent the controls. Each point represents the average of 20 measurements.

3.4. MV and PQ-pool reduction

Schmidt-Mende and Witt [26] measured the redox state
of the PQ pool (absorbance at 254 nm) in the presence of
benzylviologen (BV) in spinach chloroplasts. BV is a
molecule with properties similar to those of MV. The
authors observed that the PQ pool was reduced by
illumination, but subsequently, half of the reduced PQ
molecules were reoxidized again (within 100 ms) in
darkness. The measurements of Schmidt-Mende and Witt
also indicated that under their conditions the presence of
BV did not decrease the absorbance change at 254 nm in
the light. They assumed that in darkness electrons flow
from the reduced PQ pool to oxidized P700 and they
postulated plastocyanin as another potential electron

acceptor in the presence of BV. We cannot measure the
redox state of the PQ pool directly but, on the other hand,
our data clearly show that in leaves, in the presence of MV,
P700 and PC are mainly oxidized in the light (Fig. 4, left
panel). We also observed that PC™ and P700" are re-
reduced in the dark within 100 ms (not shown, but see also
Fig. 4, middle panel). It was, however, an open question if
in the presence of MV the whole PQ pool became reduced
in the light. To answer this question, we analysed the 820-
nm transmission kinetics during a far-red pulse. Fig. 4
(middle panel) (also see Fig. 7) provides examples of this
type of transient. The areca above the fluorescence
induction curve (complementary area) provides information
on the number of electrons that have to be transferred
before full reduction of Q, is achieved. The area under-
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Fig. 4. Leaves were exposed to a sequence of red (2 s)—far-red (15 s)-red (2 s) light (inducing a sequential reduction, oxidation and reduction of the electron
transport chain) to demonstrate the effects of DBMIB and MV on electron flow through the photosynthetic electron transport chain. The red light intensity was
1800 and the far-red light intensity 200 umol photons m 2 s~'. The x-axes provide precise information on the length and spacing of the three light pulses.

neath an 820-nm transient, as shown later in Fig. 7 (limited
at the bottom side by the minimum measured transmission
level), gives in a similar way information on the number of
electrons that have to be removed from the electron
transport chain to achieve full oxidation. After reduction
of the electron transport chain by a saturating red pulse,
this area increases in size: more electrons have to be
removed before the electron transport chain is oxidized.
The ratio between the area before and after a saturating
pulse gives a measure for the redox state of the PQ pool.
For control leaves the ratio between the area before a
saturating red pulse and 100 ms after the pulse (calculated
as (Aager—Avpetore)/Apetore) Was 6, whereas for MV-treated
leaves this ratio was 0.6. (It has to be noted that a far-red
pre-pulse was given to control leaves 60 s before the start
of the actual measurement to minimize the influx of
stromal electrons [27].) The 10-fold difference in the ratio
indicates that 100 ms after a saturating pulse the PQ pool

is much more reduced in the control leaves than in the

MV-treated leaves. A small part of this difference can be

ascribed to the ~4 electrons donated by the PQ pool for the

re-reduction of PC" and P700" during the first 100 ms after

the pulse (see above). Oja et al. [28] calculated for several

plant species that the control area represents three to four

electrons. The PQ pool together with Q, would then

represent six times as many electrons (~20 electron

equivalents). Therefore, the low area ratio observed in

the presence of MV (0.6) indicates that the PQ pool

remains largely oxidized in MV-treated leaves.

A relationship between the redox state of the PQ pool
and the J level has been suggested before [19,27]. The fast
dark-adaptation of the J level in the presence of MV may
therefore be explained by the almost completely oxidized

PQ pool that is observed 100 ms after the saturating red
pulse (Figs. 2 and 3).

3.5. Light intensity dependence of the fluorescence induction
curves

In Fig. 5 the light intensity dependence of the J and I
levels is shown for control, DBMIB- and M V-treated leaves.
To correct for the effect of the light intensity on the
measured fluorescence levels, all data were divided by their
F, value (dividing by the respective light intensities gives
very similar results). The light intensity dependence was
approximated with a single exponential fit. For the DBMIB
treatment (Fig. 5A) it is observed that the J and I levels
saturate slightly faster than the J and I levels of the control
leaves (about 25% more light is needed to half saturate the J
and I levels of the control leaves). The faster saturation of
the I level can easily be explained by the block of electron
transfer towards PSI. A similar effect for the J level may
have to do with the fact that DBMIB is a less efficient
electron acceptor for PSII (see Discussion). The presence of
ethanol lowers both the maximum J and I levels somewhat
(~5.2% and ~3.3% of F, respectively) (see Fig. 5). For MV-
treated leaves light intensity dependencies of the J and I
levels very similar to those for control leaves are observed.
This makes it very clear that a change of the electron
transport activity on the acceptor side of PSI (as induced by
MYV) has very little effect on the J and I levels of the Chl a
fluorescence induction curve. It may be noted that for the
DBMIB-treated leaves the definition of an I level ( F30 ms=I)
may not have a physiological basis, but for a comparison of
the light saturation properties of treatment and control, it is
quite useful.
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3.6. Re-reduction kinetics of PC* and P700" in darkness
following a far-red pre-pulse

In Fig. 6 the re-reduction kinetics in darkness of PC" and
P700" after a 15-s 200 pmol m 2 s~ far-red pre-pulse are
shown for DBMIB, MV and control leaves. For the
DBMIB-treated leaves, it is observed that despite the block
of the cyt by/f complex, the re-reduction kinetics are fast.
We also observed that the re-reduction kinetics are strongly
dependent on the DBMIB accumulated in the chloroplast.

This is demonstrated in Fig. 6B. The measurements suggest
that in leaves that are not completely inhibited two phases
are observed: a phase with a decay time t~1-1.5 s, similar
to the medium phase observed in control leaves (Table 1),
and a phase with a decay time t~4-4.5 s (data not shown).
Complete inhibition of the cyt bg/f complex seems to
eliminate the faster re-reduction phase and only one decay
phase with a 1~4.3 s, as given in Table 1, is left. A further
increase of the DBMIB concentration leads to faster re-
reduction kinetics of PC" and P700" as shown in Fig. 6B
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Fig. 6. Re-reduction kinetics of PC" and P700" measured at 820 nm following a 10-s far-red light pulse (200 pmol photons m™
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257 1) in the presence or absence

of either DBMIB or MV. The effects of longer incubation times with DBMIB (= higher uptake) and a double infiltration of DBMIB and DCMU are
demonstrated both on the re-reduction kinetics measured at 820 nm (panel B) and the Chl a fluorescence induction transient (panel C). The direction of the
concentration effect is indicated by an arrow. For the re-reduction kinetics each measurement was repeated three to four times on the same leaf to obtain a good

signal-to-noise ratio.
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(see arrow). The accumulation of DBMIB in the leaf was
increased by increasing the incubation time. At the same
time, the increase of the DBMIB concentration in the
chloroplast leads to a lowering of the total re-reduction
amplitude of the 820-nm signal (Fig. 6B), the fluorescence
amplitude (not shown) and an increase of the J level (Fig.
6C). For thylakoid membranes it has been observed that
addition of DBMIB in the presence of DCMU leads to a re-
reduction of P700" with a halftime of 10-15 s [29]. This is
considerably slower than the 4.3-s decay time observed
here, but this could be due to the effect of DCMU on the
redox state of the PQ pool. The effect of the redox state of
the DBMIB on the re-reduction kinetics of PC" and P700"
was assessed by treating DCMU-inhibited leaves with
DBMIB. In leaves, the additional presence of DCMU
causes a very limited slowdown of the re-reduction kinetics
(Fig. 6B and Table 1).

In contrast, in the presence of MV the re-reduction
kinetics are severalfold slower than in either the presence of
DBMIB or the control. Comparing the re-reduction kinetics
of control leaves with those of MV-treated leaves, a strong
slowdown of the medium and slow phases is observed
(Table 1 and Fig. 6A). The decay time of the fast phase is
not affected by the treatment. Comparing the amplitudes of
the various phases, we observe that the amplitudes of the
fast and medium phases are smaller, whereas the amplitude
of the slow phase is not affected (not shown). In the
presence of MV and DCMU, no further slowdown of the re-
reduction kinetics is observed but the fast and the medium
phases are eliminated (Table 1).

3.7. Far-red light-induced transmission changes in dark-
adapted leaves

The deviation from a nearly monophasic decrease of the
820-nm transmission during a far-red pulse provides
information on the extent of non-photochemical reduction
of the PQ pool [27]. In Fig. 7, the effect of a far-red pulse on
the 820-nm transmission kinetics of dark-adapted leaves in

Table 1
Decay times (7) of the re-reduction phases of PC" and P700" in darkness
after a far-red pre-illumination derived from 820-nm transmission changes

Fast phase Medium Slow

(ms) phase (s) phase (s)
Control 89+19 1.03£0.05 7.49+0.42
DCMU - 2.15+0.06 6.98+0.21
DBMIB - 4.37+0.07* -
DBMIB+DCMU - 4.58+0.18 -
MV 66+13 2.96+0.32 16.93+1.23
MV+DCMU - — 10.89+0.55

Each individual measurement consists of the average of three to four
repetitions on the same leaf; the number of independent experiments was
four to eight and each value is given with its standard error.

? This value was very sensitive to final concentration DBMIB
accumulated in the leaf, which could be manipulated by varying the
incubation time with DBMIB (cf. Fig. 6B).
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Fig. 7. Far-red light (200 pmol photons m 2 s ')-induced oxidation

kinetics of PC and P700 measured at 820 nm in pea leaves infiltrated either
with DCMU, MV, DCMU+MV or DBMIB.

the presence of various inhibitors/effectors is shown. For
control leaves the typical transient increase of the 820-nm
transmission peaking at 1.5-2 s is observed [27]. In the
presence of DCMU the effect is still observed, though the
kinetics are modified. In contrast, in the presence of MV,
MV+DCMU (double infiltration) and DBMIB, the kinetics
are seemingly monophasic and it can also be observed that
the transmission decrease in the 10-200-ms range in these
leaves is faster than in control leaves. The figure also shows
that DCMU does not affect the kinetics that are observed in
the presence of MV.

4. Discussion
4.1. Explanations for the IP phase

From the list presented in the introduction it is clear that
there is a large number of explanations for the IP phase
available in the literature [5—17]. Our results strongly
support the oldest theory [5—8] that supposes that a transient
block at the acceptor side of PSI and a traffic jam of
electrons transiently formed in the electron transport chain
are responsible for the IP-induction phase. On the basis of
our results and literature data, we provide several arguments
against the other interpretations:

(1) In the presence of DBMIB, no IP phase is observed,
but the maximum fluorescence level is not affected. This
despite the fact that in its presence the maximum fluo-
rescence level coincides with a complete oxidation of P700.
In other words, the F,,, level is unrelated to the redox state of
P700 and this makes variable PSI fluorescence as an
explanation unlikely.



258 G. Schansker et al. / Biochimica et Biophysica Acta 1706 (2005) 250-261

(2) It has been observed that the IP phase parallels the
reduction of PC* and P700" (after an initial oxidation)
[13,27]. Schreiber et al. [13] also showed that the
reduction of the PQ pool paralleled the JI phase. On the
basis of the known rate constants (e.g., an exchange of a
reduced Qp molecule for an oxidized PQ molecule with a
halftime of 1-2 ms [30,31] and a reoxidation of PQH,,
initially, with a halftime of 20 ms, e.g., Refs. [32-34]), one
would expect a filling up of the PQ pool in the 2—30-ms
time range instead of a reduction of the PQ pool in the 30—
200-ms time range. (The exception, in this respect, is a
titration with DCMU, where a strong slowdown of the
reduction of the PQ pool is induced as the inhibition
becomes more severe.) In addition, under in vivo
conditions (passive infiltration of non-detached leaves with
DCMU in complete darkness), a DCMU treatment does
not affect the F, level (S.Z. Toth, G. Schansker and R.J.
Strasser, submitted to Photosynth. Res.). In other words,
PQ pool quenching as an explanation for the IP phase is
not supported by the experimental data.

(3) An electric field effect to explain the IP phase [15] is
also not supported by our data. MV suppresses the IP phase
despite the fact that it allows a continuous electron flow as
evidenced by the nearly full oxidation of P700 and PC
during the illumination with high intensity red light. On the
other hand, in the presence of DBMIB, the number of
available electron acceptors, and thus the number of stable
charge separations that can occur, is limited, but the F, is
not affected. It can also be noted that the membrane
potential peaks around the I level and declines beyond that
point (e.g., Ref. [35]).

(4) Given the close correlation between the properties of
the IP phase and the electron transport flux beyond the cyt
bg/f complex, an assignment of the IP phase to a separate
population of slow PSII reaction centers in the stroma
lamellae seems also not very likely. The fact that the relative
amplitude of the IP phase depends on the light intensity
(Fig. 1, Ref. [15]), being relatively larger at lower light
intensities, suggests that the IP phase represents the last and
slowest rate-limiting step of the photosynthetic electron
transport chain.

(5) The energy redistribution (between PSII and PSI)
theory presented by Schreiber and Vidaver [9] had
probably to do with the experimental protocol. In dark-
adapted anaerobic samples, the PQ pool is reduced and Qn
and the acceptor side of PSI are oxidized (e.g., Refs.
[5,6]). In the presence of a reduced PQ pool, Q4 becomes
quickly reduced by light. Further excitation of the antenna
of PSII is then without effect. At the same time, charge
separations in PSI start to create an oxidation of the donor
side of PSI, which in turn leads to a transfer of electrons
from the PQ pool. However, once the acceptor side of PSI
has become reduced, further excitation of the PSI antenna
is without effect. The partial oxidation of the PQ pool
allows some reoxidation of Q, and, as a consequence,
excitation of the PSII antennae leads again to some stable

charge separations. Thus, the special redox properties of
the samples gave the impression that there could be an
energy redistribution from the antennae of the PSII
reaction centers to the antennae of the PSI reaction centers
and back.

4.2. MV selectively affects the IP phase

Neubauer and Schreiber [11] concluded that in the
presence of MV, at low light intensities the I,—P (=JP)
phase is suppressed and at saturating light intensity
specifically the I,—P (=IP) phase. This would seem to
contradict the data presented in Fig. 1. However, the
discrepancy may be explained by the fact that, at lower
light intensities, the J level disappears as the excitation rate
drops below the J level limitation. This has two con-
sequences: (1) The accumulation of Q4 occurs only when
an even slower bottleneck is reached (in this case the
reoxidation of PQH,); and (2) the IP phase as a fraction of
F, increases in size (cf. Ref. [36]). As a consequence, as the
light intensity (=excitation rate) is decreased, accumulation
of Qs occurs more and more during the IP phase,
representing the slowest process during the first few
hundred milliseconds of induction.

4.3. IP phase in thylakoid membranes

In thylakoid membranes the Chl @ fluorescence induction
curve shows two clear phases: OJ and JP. The I-step is not
clearly distinguishable or absent [18-21]. This is under-
standable because during the isolation procedure the
ferredoxin on the acceptor side of PSI is washed away.
Bukhov et al. [21] have demonstrated that by creating a new
pool of electron acceptors beyond the cyt b¢/f complex (in
their case by adding TMPD; for the working mechanism of
TMPD, see Refs. [33,37]), it is possible to observe a kinetic
phase analogous to the IP phase in thylakoid membranes. In
leaves we were able to do the inverse and create a thylakoid-
like situation using DBMIB or MV.

4.4. DBMIB effects

To show that the effects of DBMIB and MV on the Chl a
fluorescence induction curve are caused by a block at the cyt
bg/f complex and the accepting of electrons at the acceptor
side of PSI, respectively, and not by other unknown side
effects, we have thoroughly characterized the effects of
these substances on the functional properties of the
thylakoid membrane under in vivo conditions.

As shown in Fig. 1A, under our conditions, DBMIB
treatment had no effect on the F,, level and very little effect
on the F, level (~4% of F,). These observations are similar
to those made for chloroplasts where it was observed that
low concentrations of DBMIB did not affect F,, or F, [38].
Since oxidized DBMIB is a strong static quencher of
fluorescence [39,40], this indicates that the DBMIB
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concentrations that accumulated in the thylakoid membranes
(with the exception of Fig. 6) are relatively low. Fluo-
rescence induction curves of DBMIB-treated leaves show a
slightly higher J level (Fig. 1A). Increasing the effective
DBMIB concentration in the leaf by prolonging the
incubation time causes a further increase of the J level
(Fig. 6C). Though DBMIB can bind to the Qg site and
accept electrons from Q,, it is a much less effective acceptor
than the natural occurring quinone [38,41]. By slowing
down the electron transfer reactions at the acceptor side of
PSII, DBMIB may seem to mimic the effect of DCMU
during the first few milliseconds of a red light pulse.
Beyond that point, even slower reactions will mask this
effect of DBMIB. The double pulse experiments in Fig. 2
show that during the reoxidation of the electron transport
chain in the presence of DBMIB, no dip is observed (cf. Fig.
2A and B). Since DBMIB blocks electron transfer to PSI,
this observation supports the theory that the dip depends on
PSI activity [5-7] following a mechanism as described at
the end of Section 4.1.

4.5. DBMIB as an electron shuttle

The O level of a fluorescence transient measured after a
pre-illumination (Figs. 2 and 3) probes the redox state of
Qa at the start of the measuring pulse. After a red pre-
pulse, the whole electron transport chain is reduced and
quick reoxidation of Q4 can only occur via recombination
with the donor side of PSII. However, this is only possible
if the donor side is in the S, or S; state. Therefore, the
slow phase (1~40 s in Fig. 3A) in the dark-adaptation
kinetics of the O level [42,43] after a pre-pulse may
represent the reoxidation of Q. in reaction centers that
are in the Sy or S; state. These Q4 molecules depend for
their reoxidation on an, at least partial, reoxidation of the
PQ pool. This is supported by the observation of Bukhov
et al. [42] that the slow phase of the recovery of the initial
fluorescence level depends on the redox state of the PQ
pool. In the presence of DBMIB, the amplitude of the
slow phase is much smaller (Fig. 3A). Instead, a phase
with a 7~4.3 s is found, indicating that a considerable part
of the slowly reoxidizing Q. molecules have found
alternative electron acceptors. A similar phenomenon is
observed for the dark-adaptation kinetics of the J level
(Fig. 3B). In control leaves the J level does not change for
the first 10 s after a saturating red pulse. In the presence
of DBMIB a faster phase is observed, indicating that a
part of the PQ pool reoxidizes faster in the presence of
DBMIB. The re-reduction kinetics of PC and P700 after a
far-red pre-pulse are relatively fast (t~4.3 s) despite a
block at the cyt bg/f complex and can be further
accelerated by increasing the DBMIB concentration in
the leaf (Fig. 6B). All these observations seem to indicate
that DBMIB, an artificial quinone that is far less hydro-
phobic than the naturally occurring one, can bypass the
cyt be/f complex and donate electrons directly to PC" and

P700". Subsequently, the reoxidized DBMIB molecules
can migrate to the Qp site and accept electrons from the
QA molecules that cannot recombine with the donor side
of PSII. Support for this interpretation can be found in the
literature [29,44]. Farineau et al. [29] observed that
DBMIB restored the fast and medium kinetic phases: 10
and 200 ps of the re-reduction of P700" with a halftime of
10-15 s. This is considerably slower than the 4.3-s decay
time we observe here but this difference could be due to
the DCMU present in the experiments of Farineau et al.
Non-photochemical reduction of PQ (see control transient
in Fig. 7) may explain why the presence of DCMU had
little effect on the re-reduction kinetics of PC" and P700"
in leaves (Fig. 6B). On the other hand, we do observe that
a build-up of the DBMIB concentration in the leaf, by
increasing the incubation time of the leaves with DBMIB,
accelerates the re-reduction kinetics of PC" and P700"
(Fig. 6B).

4.6. Re-reduction kinetics of PC" and P700"

After a far-red pulse, both PC and P700 are in the
oxidized state. In an earlier paper [27], we suggested that
PC" and P700" can be re-reduced by either electrons
flowing from the stroma via the PQ pool to PC and P700
(slow and medium phases, respectively) or by recombina-
tion between the FeS clusters of PSI and P700" (fast phase).
DBMIB which blocks the cyt bg/f complex has the potential
to interfere with a re-reduction path via the PQ pool and MV
might affect the recombination reaction by interfering with
the acceptor side of PSL

In leaves that are either fully or nearly completely
inhibited by DBMIB the fast re-reduction phase observed in
untreated leaves is missing. If the fast phase represents a
recombination reaction between the FeS clusters of PSI and
P700" as suggested by us [27], this effect of DBMIB is
somewhat unexpected. It is possible to find an explanation
of this effect of DBMIB by answering the question why
such a recombination reaction can be observed in leaves.
During a 10—-15-s FR pulse all electrons are taken out of the
system and one would expect that the final result would be a
completely oxidized acceptor side of PSI. The fact that the
amplitude of the fast re-reduction phase becomes smaller as
the FR pulse length increases [27] supports this. The fast
phase does not disappear completely and this may have to
do with a small flux of electrons provided by the stroma or
even PSII to the PQ pool. DBMIB does interfere with this
electron flow.

4.7. MV and cyclic PSI electron transport

MYV is thought to be a very effective electron acceptor
that competes strongly with ferredoxin for electrons from
the FeS clusters of PSI and, as a consequence, strongly
suppresses cyclic electron transfer around PSI [45,46].
Bukhov et al. [47] observed that MV eliminated the
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acceleration of the re-reduction of PC" and P700" in heat-
treated leaves. The interference of MV with the influx of
electrons from the stroma into the PQ pool can also be
observed in Fig. 7: no transient re-reduction phase is
observed. The lack of electrons flowing from the stroma
into the PQ pool also explains why the re-reduction of PC"
and P700" is a slow process (see Fig. 6 and Table 1). Also in
the presence of DBMIB the oxidation kinetics miss a
transient re-reduction phase. Therefore, re-reduction of PC*
and P700" by electrons that flow from the stroma through
the PQ pool seems to be critical for the observation of a
transient re-reduction phase. Assuming that DCMU has no
major side effects, the modification of the oxidation kinetics
in the presence of DCMU seems to indicate that PSII may
play a role in this process too. Although far-red induced
excitation of PSII is very limited, it may be just enough to
partially compensate for electron loss from the cycle and to
maintain cyclic electron transfer around PSI for a few
seconds [46].

4.8. Concluding remarks

The data presented here show that for the observation of
an IP phase, both an electron flow towards PSI and a
transient block at the acceptor side (inactive FNR) are
necessary. A block of the electron flow towards PSI by
DBMIB as well as the creation of a bypass of the transient
block at the acceptor side of PSI by MV result in a
disappearance of the IP phase of the Chl a fluorescence
induction curve. A comparison with data from thylakoid
membranes indicates that a third requirement is the presence
of an electron acceptor pool with some capacity, be it
ferredoxin or TMPD [21], beyond the cyt b¢/f complex.

DBMIB in leaves can bypass its own block at the cyt b¢/f
complex and donate electrons directly to PC and P700 at a
relatively slow rate (t~4.3 s). When using DBMIB in
leaves, this side effect should be taken into account and high
doses (inducing a strong increase of the J level) should be
avoided.

We have shown that the IP phase is related to PSI
activity and, as mentioned earlier, the JI phase parallels the
reduction of the PQ pool [13]. These two observations
support the idea that the different steps of the Chl «
fluorescence induction curve (J, I and P) represent the
subsequent kinetic bottlenecks of the electron transport
chain. These limitations are the exchange of a reduced PQ
molecule at the Qg site with an oxidized one (J level), the
reoxidation of PQH, (I level) and the transient block
imposed by inactive FNR (P level). There is even some
evidence that under certain conditions the amplitude of the
IP phase may be a rough indicator of PSI content. For
leaves of Mg-deficient sugar beets we observed a (non-
linear) relationship between IP phase amplitude and the
maximum (reducible/oxidizable) 820-nm transmission
amplitude (G. Schansker, C. Hermans and M. Ortega,
unpublished data).
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