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Abstract The reduction of P700+, the primary electron
donor of photosystem I (PSI), following a saturating
flash of white light in the presence of the photosystem II
(PSII) inhibitor 3-(3.4-dichlorophenyl)-1,1-dimethylurea
(DCMU), was examined in barley plants exposed to a
variety of conditions. The decay kinetic fitted to a
double exponential decay curve, implying the presence
of two distinct pools of PSI. A fast component, with a
rate constant for decay of around 0.03–0.04 ms�1 was
observed to be sensitive to the duration of illumination.
This rate constant was slower than, but comparable to,
that observed in non-inhibited samples (i.e. where linear
flow was active). It was substantially faster than values
typically reported for experiments where PSII activity is
inhibited. The magnitude of this component rose in
leaves that were dark-adapted or exposed to drought.
This component was assigned to PSI centres involved in
cyclic electron transport. The remaining slowly decaying
P700+ population (rate constant of around 0.001–
0.002 ms�1) was assigned to centres normally involved
in linear electron transport (but inhibited here because
of the presence of DCMU), or inactivated centres in-
volved in the cyclic pathway. Processes that might reg-
ulate the relative flux through cyclic electron transport
are discussed.
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Abbreviations DCMU: 3-(3.4-Dichlorophenyl)-1,1-
dimethylurea Æ ET: Electron transport Æ P700: Primary
donor of photosystem I Æ PSI: Photosystem I Æ PSII:
Photosystem II Æ DpH: pH gradient across the thylakoid
membrane

Introduction

During optimal photosynthetic conditions, light energy
is harvested and channelled into the two reaction centres
of photosystem I and II (PSI and PSII), where charge
separation occurs and electrons are passed linearly along
the electron transport chain (ETC). Alternatively, PSI is
capable of cycling electrons around itself, in cooperation
with the cytochrome b6f complex (cyt b6f). Despite the
fact that cyclic ET was first described 50 years ago
(Arnon et al. 1954), little progress has been made
since—neither the pathway nor the role of cyclic ET
have been elucidated with any certainty. It is generally
accepted that electrons are passed from P700 back to the
PQ pool via a ferredoxin-mediated process, involving an
as yet unidentified enzyme(s). In addition, the finding of
genes encoding an NAD(P)H dehydrogenase enzyme,
analogous to that found in mitochondria, in higher plant
chloroplasts has allowed an alternative route of cyclic
ET to be identified (Shinokazi et al. 1986).

The role of cyclic ET has been widely debated (Heber
and Walker 1992; Fork and Herbert 1993; Bendall and
Manasse 1995; Heber 2002). In bundle sheath cells of C4
plants, where PSII is largely absent, cyclic ET generates
ATP for CO2 fixation. Whether cyclic ET is important
for ATP generation in C3 plants, however, is still con-
troversial. Much of the discussion has related to the
stoichiometry of proton transfer to ATP synthesis by the
chloroplast ATPase. The recent finding that the proton
rotor of the chloroplast ATPase has 14 subunits, rather
than the 12 previously assumed, reduces the predicted
efficiency of this to an H+/ATP ratio of 4.7 (Seelert et al.
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2003). If this is correct, linear ET alone will not be
sufficient to generate the ATP required for CO2 fixation,
and an obligatory role for cyclic ET can be supposed.
This conclusion is also reinforced by the measured sto-
ichiometries of the photosynthetic ATP/NADPH ratio,
the value of which (1, see e.g. Berry and Rumberg 1999)
is also consistent with insufficient generation of ATP by
the linear electron flow.

Another role that has been postulated for cyclic ET is
to generate a trans-thylakoid pH gradient (DpH) to
regulate light harvesting (Heber and Walker 1992).
Under conditions in which CO2 fixation is decreased,
e.g. under drought, linear electron transport is down-
regulated to match the reduced requirements of
NADPH production (Ott et al. 1999; Clarke and John-
son 2001; Golding and Johnson 2003). Under such
conditions, cyclic ET is activated, generating a proton
gradient that induces the protective process of high en-
ergy state quenching (qE) (Golding and Johnson 2003).
Support for this model comes from the isolation of a
mutant deficient in qE that is thought to lack cyclic ET
(Munekage et al. 2002).

The debate about the role of cyclic ET is fuelled by
the difficulty of measuring it directly. Two approaches
have been commonly used—steady-state measurements
and P700+ relaxation following far-red illumination.
Steady-state approaches compare PSI and PSII turnover
across a range of conditions. Currently established
methods do not give an absolute measure of photosys-
tem turnover, so cyclic ET has to be inferred by
observing changes in the ratio of PSI to PSII ET. Con-
flicting results have been obtained in this way, with some
authors finding substantial rates of cyclic ET (Harbin-
son and Foyer 1991; Gerst et al. 1995; Clarke and
Johnson 2001; Golding and Johnson 2003) and others
finding no evidence for the pathway (Harbinson et al.
1989; Sacksteder and Kramer 2000). Discrepancies in
these results are probably related to measurement and
growth conditions; however, the details of this need to
be resolved.

An alternative approach is to examine P700 reduction
following oxidation under conditions suppressing PSII
turnover [far-red light or PSII inhibitors, such as 3-(3.4-
dichlorophenyl)-1,1-dimethylurea (DCMU)]. Under
such conditions, electrons reducing P700+ will not be
able to pass through the linear chain. Instead, they can
be supposed to come either from stromal reductants or
through the cyclic pathway. Rates of P700 reduction
measured in such assays are typically very low—t1/2 of
the order of hundreds of milliseconds, compared to a
few milliseconds for P700+ reduction in the presence of
active PSII. Thus, it is difficult to be certain that such
measurements equate with significant rates of cyclic ET
operating in competition with linear ET. Cyanobacteria,
green algae and C4 plants have typically been found to
reduce P700+ at a significantly faster rate than leaves
from C3 plants, leading some authors to suggest that the
latter do not perform cyclic ET (Fork and Herbert
1993). Nevertheless, the rate of P700+ reduction can be

accelerated under some conditions in C3 plants,
including at elevated temperatures (Sazanov et al. 1998;
Egorova and Bukhov 2002) and under anaerobiosis
(Joet et al. 2002).

Recent work has identified two sets of conditions that
appear to give substantial rates of cyclic ET in leaves of
C3 plants. Golding and Johnson, using a steady-state
approach in barley, noted an increase in cyclic ET at low
CO2 (Golding and Johnson 2003). A role for cyclic ET
under drought also comes from non steady-state mea-
surements (Katona et al. 1992, Cornic et al. 2000). Joliot
and Joliot (2002) adopted a novel approach to obtain
evidence for substantial rates of cyclic ET in leaves
adapted to darkness for long periods. Here, we have
examined the kinetics of P700+ reduction following
illumination of leaves in the presence of the PSII
inhibitor DCMU under conditions relevant to each of
these previous studies. Under both sets of conditions, we
find evidence for acceleration of P700+ reduction, con-
sistent with an activation of cyclic ET. The rate con-
stants for this reduction are substantially higher than
values previously reported. We have also investigated
some parameters that are important in regulating the
kinetics of P700+ reduction in leaves of barley.

Materials and methods

Plant growth

Barley seeds (Hordeum vulgare L. cv. Chariot) were
supplied by PBI (Cambridge, UK). Seeds were planted
in 3 inch (7.62 cm) diameter pots containing multipur-
pose compost. Plants were grown in a growth room with
a photon flux density (PFD) of 100 lmol m�2 s�1 pro-
vided by high frequency fluorescent strip lights, on a
12 h light/12 h dark cycle at 25�C. Measurements were
made on the first leaf of intact plants aged between 13
and 16 days old.

P700+ reduction

Changes in absorbance at 830 nm were used to give a
measure of the redox state of the PSI primary donor,
P700, using a Walz PAM 101 fluorometer in combina-
tion with an ED-P700DW-E emitter-detector unit
(Walz, Effeltrich, Germany).

Where plants were exposed to drought, this involved
removing individual plants (with roots intact) from pots
and placing them in a solution containing 500 mM
sorbitol for a period of 24 h under their normal growth
conditions.

Leaves were placed on a temperature-controlled
block and the temperature of the leaf was kept at 15�C
and monitored with a digital thermometer. Plants were
left for 10 min in darkness to adjust to the temperature.
The leaf was then lightly scratched with fine sandpaper
and 10 lM DCMU (Sigma) in water was added to the
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surface and left for 5 min to penetrate the leaf. A satu-
rating flash of white light (7,500 lmol m�2 s�1) was
delivered to the leaf through a multi arm fibre optic
(Walz). The duration of the flash was 200 ms (except in
the experiment shown in Fig. 3 when the flash length
was varied) and was controlled by a Uniblitz shutter
timer (Vincent Associates, Rochester, N.Y.). The accu-
mulation of five flashes, with a 2-min interval between
each flash, was recorded using a Keithley Metrabyte
1700 series data acquisition board (Keithley Metrabyte,
Cleveland, Ohio), fitted in an IBM-compatible computer
running laboratory-written software.

Data were fitted with double exponential decay
curves using the program Grafit (ver 3, Erithacus Soft-
ware, Staines, UK).

Results

When leaves that had been infiltrated with the PSII
inhibitor DCMU were exposed to a 200 ms flash of
white light, P700 was completely oxidised. The re-
reduction of P700+ after the flash followed a double
exponential decay curve (Fig. 1). Fitting data with a

single exponential component did not give a satisfac-
tory fit and increasing the number of exponential
components did not improve the quality of the fit (not
shown).

Fitting the P700+ decay with a double exponential
curve allowed an estimate to be made of the relative
magnitude and apparent rate constants for the fast and
slow components (Fig. 2).

Exposing plants to drought or darkness resulted in
an approximately 3- to 4-fold increase in the magni-
tude of the fast phase, as compared to the control
(Fig. 2a). This large increase corresponded to a smaller
change in the rate constant describing the fast com-
ponent (kfast), which increased under drought and in
response to dark-adaptation (Fig. 2b), and in that
describing the slow component (kslow; Fig. 2c). This
suggests that the treatments performed here mostly
affect the number of PSI centres that were accessible to
the rapid re-reduction pathway, without extensively
affecting the mechanism of the pathways themselves.
Control treatments, without DCMU, resulted in the
transient oxidation of a proportion of P700 during the
200 ms flash but with most of that oxidised pool being

Fig. 1 a The reduction of P700+ following a 200 ms flash of
saturating white light (7,500 lmol m�2 s�1) in the presence of 3-
(3.4-dichlorophenyl)-1,1-dimethylurea (DCMU). Top curve Con-
trol plants exposed to 10 min of darkness prior to experiment,
middle curve plants exposed to 0.5 M sorbitol for 24 h in their
normal growth environment and 10 min dark adaptation prior to
experiment, bottom curve dark-adapted plants subjected to 24 h of
darkness prior to experiment. Solid, dashed and dotted lines Double
exponential fit to control, drought-treated and dark-adapted data
sets, respectively. b–d Residuals from fitting double exponential
curves to the above data: b control, c plants exposed to drought, d
24 h dark-adapted

Fig. 2 Magnitude (a) and decay rate constants for the fast (b) and
slow (c) components of P700+ reduction following a 200 ms flash
of saturating white light in control, drought-treated and dark-
adapted plants. Error bars Standard error of at least four replicates
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re-reduced during the period of illumination (not
shown, but see e.g. Harbinson and Hedley 1993). The
rate constant for the reduction of the remaining oxi-
dised P700 following the flash was high (>0.1 ms�1).
Thus, we can tentatively attribute the appearance of
the slow reduction phase to the inhibition of linear
flow by DCMU, and consequently assign the fast
phase in the presence of DCMU to the occurrence of
cyclic flow around PSI, the latter being DCMU
insensitive.

If this hypothesis is correct, it is predicted that pro-
longed illumination would decrease the rate and/or ex-
tent of the fast reduction process as, in the presence of
DCMU, electrons leaking from the cyclic pool, e.g.
through oxidation by molecular oxygen, would not be
replaced by electrons coming from PSII. On the other
hand, if reduction were due simply to equilibration with
the ambient stromal redox potential, no effect of flash
length is to be expected, since cyclic ET does not result in
a net change in this potential. We therefore examined the
effect on the reduction kinetics of P700+ of applying
flashes of light of different duration to DCMU-infil-
trated leaves. With increasing flash length, the amplitude
of the fast phase of the decay declined in leaves that were
dark-adapted or exposed to drought, such that following
a 1 s flash no significant difference between control and
treated leaves could be seen (Fig. 3). Shortening the flash
length to 100 ms increased the fast phase amplitude. The
rate constants describing the fast and slow components
(kfast and kslow) both showed a tendency to decline with
increasing flash length, with this tendency being slightly
stronger for kfast.

In an attempt to better understand the processes in-
volved in the activation of cyclic ET, we examined in
more detail the conditions needed to bring about chan-
ges in the relaxation of P700+ induced by dark adap-
tation. Short periods of dark adaptation (<3 h) had
little effect on the amplitude of the fast phase of the
relaxation; however, after a period of about 6 h, the
extent of this fast phase had peaked at about 20%
(Fig. 4a). The rise in the magnitude of the fast decay
component was accompanied by a rise in both kfast and
kslow (Fig. 4b, c).

Increased rates of P700+ reduction and the larger
magnitude of the fast component after 24 h of dark
adaptation returned to control values after leaves were
re-illuminated under normal growth conditions (Fig. 5).
The rate constant describing the slow component, kslow,
was found to be most sensitive, falling substantially
within 10 min of illumination, whereas kfast and the
magnitude of the fast phase fell with a slight lag,
reaching control values after about 30 min.

Whilst exposing 24 h-dark-adapted plants to 10 min
of actinic light at the growth light intensity was not
sufficient to return the magnitude of the fast phase to
control levels, increasing the actinic light intensity
accelerated this process (Fig. 6). An irradiance of
1,500 lmol m�2 s�1 for 10 min was required to fully
reverse the effects of dark adaptation.

Discussion

We observed that the decay of P700+ in barley leaves
infiltrated with DCMU could be described by a double
exponential curve. The fast component of the decay
constituted between 5 and 20% of the total P700+ pool,
depending on conditions. Droughting and dark adap-
tation of plants increased this amplitude, both being
conditions where other experimental approaches have
suggested that cyclic ET increases. We conclude that the
fast phase we observe in the decay of P700+ arises from
the reduction of PSI centres through a cyclic pathway,
and that the slow component of the P700+ decay arises
due to the slow equilibration of centres not involved in
cyclic ET with the ambient redox potential. Changes in
the amplitude and kinetics of the fast phase are likely to
correspond to the activation/deactivation of a cyclic
pathway. The observation that the magnitude of this fast

Fig. 3 Change in magnitude (a) and decay rate constant of the fast
(b) and slow (c) components of P700+ reduction with varying
length flashes of saturating white light. Black circles Control plants,
open circles drought-treated plants, open squares dark-adapted
plants. Error bars Standard error of at least four replicates
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phase is sensitive to the duration of illumination in the
presence of DCMU is consistent with this conclusion. If
a cyclic pathway is to remain active, it is essential that it
maintains redox poise (Allen 2003). In the absence of an
injection of electrons into the pathway from PSII, the
inevitable leak from the donor side of PSI to molecular
oxygen or stromal reductants will leach electrons. Thus,
we expect a progressive decline in the extent of cyclic ET
with increasing duration of illumination, as observed.
Other authors using similar approaches have typically
given several seconds of (typically far-red) illumination
and have failed to observe a fast phase in P700+ decay
of the same order of magnitude to that observed here
(typical literature ‘fast’ phases are of similar kinetics to
our ‘slow’ phase). This is consistent with our results, as
our fast phase was abolished in the first second of illu-
mination. The transient presence of cyclic flow in pre-
viously dark-adapted plants was also indicated by recent
data from Joliot and Joliot (2002), who observed a rapid
turnover of PSI in DCMU-treated leaves, which disap-
peared after a few seconds of illumination. Previous
measurements of P700+ decay following prolonged far-
red illumination have typically observed a biphasic de-
cay, with both components being slower than our fast
phase. In our measurements, we monitored only the
decay of P700+ over a short time window and would not
have been able to resolve such very slow phases.

The rate constant describing the fast exponential
phase, kfast is lower than that seen in the absence of
DCMU under optimal conditions (around 0.1 ms�1) but
is comparable to that seen under steady-state conditions
at low CO2 or in plants exposed to drought (Golding
and Johnson 2003). Thus the electron flow that we as-
sign to cyclic ET is expected to be significant compared
to linear ET. The fast component of the decay is sub-
stantially faster than that seen in most other measure-
ments in C3 plants (see e.g. Fork and Herbert 1993;
Egorova and Bukhov 2002; Joet et al. 2002); however, it
is also faster than that seen in species that have previ-
ously been supposed to be active for cyclic ET-C4
plants, e.g. cyanobacteria or green algae (Fork and
Herbert 1993; Egorova and Bukhov 2002; Joet et al.
2002). These groups probably differ from C3 plants in
terms of the ambient redox poise experienced by the
thylakoid membrane in the dark. In other words, mea-
surements of P700+ reduction are influenced by the

Fig. 4 Change in magnitude (a) and decay rate constant of the fast
(b) and slow (c) components of P700+ reduction following a
200 ms flash of saturating white light in plants subjected to varying
periods of dark adaptation. Error bars Standard error of at least
four replicates

Fig. 5 Change in magnitude (a) and rate of the fast (b) and slow (c)
components of P700+ reduction in plants exposed to their natural
growth light (100 lmol m�2 s�1) for increasing periods of time
after 24 h of dark adaptation. Error bars Standard error of at least
four replicates
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presence of a reducing environment, which does not
per se tell us anything about cyclic ET.

The proportion of rapidly reducing centres was ob-
served to increase in leaves that had been exposed to
drought conditions for 24 h prior to measurement
(Fig. 2a). Previously, we observed, using steady-state
methods, that a pool of PSI centres exists that does not
appear to turnover under control conditions but which
becomes activated under drought (Golding and Johnson
2003) These centres constituted up to 30% of total PSI,
depending on conditions. We suggest that the rapidly
reducing centres seen here correspond to the drought-
activated centres, and that these are primarily involved
in cyclic ET. We also observed an increase in rapidly
reduced centres in dark-adapted plants. In this case,
around 20% of PSI centres were in the rapidly-reduced
pool, a value consistent with the 30% estimated as the
maximum proportion for centres involved in cyclic ET
(Golding and Johnson 2003).

We observed that the proportion of cyclic centres in-
creases with the length of dark adaptation, with a maxi-
mum being attained after 6 h of darkness (Fig. 4). Joliot

and Joliot (2002) recently reported the operation of an
efficient cyclic ETpathway in dark-adapted spinach. They
suggested that this activation of cyclic ET could be re-
quired to prime photosynthesis at the beginning of the
day, generating additional ATP to ‘kick start’ CO2 fixa-
tion. Alternatively, or in addition, the presence of cyclic
ET during the first seconds of illumination might corre-
spond with an inactivation of linear ET under conditions
where the Benson-Calvin cycle is inactive. During the first
few seconds of illumination, a large DpH accumulates,
triggering high energy state quenching of chlorophyll
fluorescence (Sivak et al. 1985). This would protect the
leaf from light stress during the period of activation of the
Benson-Calvin cycle.

When dark-adapted plants are transferred back into
the light, the proportion of fast-reducing centres falls
back to control levels at a rate dependent upon actinic
light intensity (Fig. 5). Hence, once the Benson-Calvin
cycle has been activated, these cyclic centres become
inactivated and linear ET will dominate.

Given that the appearance of rapidly-reducing PSI
centres takes 6 h of darkness to reach a maximum
(Fig. 4), and that at growth light intensity they take
30 min to completely disappear (Fig. 5), it is unlikely
that these cyclic centres are regulated directly by the
Benson-Calvin cycle. Joliot and Joliot (2002) suggested
that the proportion of PSI centres involved in cyclic ET
might be controlled by the ATP concentration. They
suggest that, in the dark, the ATP concentration will be
low and cyclic ET will be activated. As the ATP con-
centration increases in the light, PSI centres involved in
cyclic ET are inactivated and linear ET increases. It has
been argued that the levels of ATP present in the leaf
during drought will also be low, possibly due to a direct
inactivation of the chloroplast ATPase (Lawlor 2002).
Thus, a similar mechanism might operate under drought
conditions. However, activation of cyclic ET also occurs
under conditions of low CO2 where no decline in ATP is
expected (Cornic et al. 2000; Golding and Johnson
2003). Thus, other regulatory mechanisms need to be
considered.

Recently, it was reported that high levels of NADP+

can prevent 25% of PSI centres from being photo-oxi-
disable, this effect being reversed by NADPH (Rajag-
opal et al. 2003). As such, the NADP+/NADPH ratio
may have a role in regulation of cyclic ET. Whilst our
data suggest that cyclic ET operates after prolonged
periods of darkness, we cannot conclude whether the
cyclic state is already activated in darkness or whether
cyclic ET becomes activated within the first milliseconds
of the light being switched on, as suggested by Joliot and
Joliot (2002). During the first seconds of illumination,
NADPH is expected to accumulate to high concentra-
tion, due to the inactivity of the Benson-Calvin cycle.
However, it is not unreasonable to suppose that two
pathways for activation of the cyclic pathway might co-
exist, one operating to regulate ATP, the other
responding to redox poise under conditions of excess
light.

Fig. 6 Change in magnitude (a) and decay rate constant of the fast
(b) and slow (c) components of P700+ reduction in plants exposed
to 10 min of increasing light intensity after 24 h of dark
adaptation. Error bars Standard error of at least four replicates
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Based on our results, we cannot be certain of the
exact pathway of cyclic ET we are measuring. Given that
we observe rates of the same order of magnitude as those
seen for linear ET in the absence of DCMU, it is
probable that the rapid cyclic ET pathway involves the
transfer of electrons via ferredoxin. Concentrations of
the ndh complex are thought to be so low that they
would be unable to support rapid electron flow (Bur-
rows et al. 1998); however, this pathway could contrib-
ute to the slow redox equilibration seen.

If cyclic and linear ET are to co-exist, some separa-
tion of ET components involved must be maintained.
The presence of a two component decay of P700+ is
consistent with the idea that PSI centres involved in
cyclic and linear ET are separated in some way. Two
models for such separation have been discussed—the
presence of ‘‘supercomplexes’’ involved in cyclic ET
(Joliot and Joliot 2002) or spatial separation between the
grana margins (linear PSI) and the stromal lamellae
(cyclic PSI) (Albertsson 2001). Both models would fit
with our data; however, the proportion of centres in-
volved in cyclic ET (up to 30% based on previous
measurements, Golding and Johnson 2003) is consistent
with the latter model. Based on results presented here,
inactive ‘cyclic’ PSI centres cannot be kinetically dis-
tinguished from those involved in linear ET, suggesting a
switch from one pathway to the other. However, previ-
ous observations suggest that inactive cyclic centres do
not take part in linear ET, as the total pool of PSI
centres that turn over varies when the activation of the
cyclic pathway is altered (Golding and Johnson 2003).
Thus, it must be supposed that, within the resolution of
our measurements, inactive cyclic and linear PSI centres
equilibrate with the ambient redox potential with equal
efficiency.

However separation of linear and cyclic ET pathways
is achieved, some cross talk between the two pathways
must be supposed. Not only is the magnitude of the fast
decay component of P700+ sensitive to pre-treatment of
the leaf, so also are the rate constants for both the fast
and the slow components. Both kfast and kslow rise upon
droughting and dark adaptation. The apparent rate
constants calculated from fitting double exponential
curves to the decay of P700+ are not true first-order rate
constants, and the value estimated for these will be
sensitive to factors not measured here, including the
redox poise of the chloroplast. That they vary in parallel
probably reflects the interchange of electrons between
centres involved in cyclic ET and those involved in linear
ET. So, for example, an activation of electron flow
through the cyclic pathway might open up a pathway for
electrons flowing from stromal reductants to PSI, which,
though relatively slow, is faster than under conditions
where the cyclic pathway is inactive.

In conclusion, results presented here are consistent
with the notion that cyclic ET is activated under
conditions of dark adaptation and drought. The
presence of two components in the decay of P700+

following illumination in the presence of DCMU

supports the notion that cyclic and linear ET pathways
involve distinct pools of PSI, with the latter being
inactive in the presence of DCMU. The mechanisms
that regulate the proportion of electron flow through
the two pathways remain to be elucidated but might
involve sensitivity to ATP/ADP and/or NADP/
NADPH ratios.
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