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sport can involve either a linear flow fromwater to NADP, via Photosystems (PS)
II and I or a cyclic flow just involving PSI. Little is known about factors regulating the relative flow through
each of these pathways. We have examined photosynthetic electron transport through each system in plants
of Arabidopsis thaliana in which either the PSI-D1 or PSI-E1 subunits of PSI have been knocked out. In both
cases, this results in an imbalance in the turnover of PSI and PSII, such that PSII electron transport is limited
by PSI turnover. Phosphorylation of light-harvesting complex II (LHCII) and its migration to PSI is enhanced
but only partially reversible and not sufficient to balance photosystem turnover. In spite of this, cyclic
electron flow is able to compete efficiently with PSI across a range of conditions. In dark-adapted leaves, the
efficiency of cyclic relative to linear flow induced by far-red light is increased, implying that the limiting step
of cyclic flow lies in the re-injection of electrons into the electron transport chain. Illumination of leaves with
white light resulted in transient induction of a significant non-photochemical quenching in knockout plants
which is probably high energy state quenching induced by cyclic electron flow. At high light and at low CO2,
non-photochemical quenching was greater in the knockout plants than in the wildtype. Comparison of PSI
and PSII turnover under such conditions suggested that this is generated by cyclic electron flow around PSI.
We conclude that, when the concentration of PSI is limiting, cyclic electron flow is still able to compete
effectively with linear flow to maintain a high ΔpH to regulate photosynthesis.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Photosystem (PS) I complex of higher plants is a light driven
enzyme that catalyzes the transfer of electrons fromplastocyanin (PC) in
the thylakoid lumen to ferredoxin (Fd) on the stromal side of the
thylakoid membrane [1]. PSI lies at the centre of photosynthesis, ca-
talysing the last membrane bound step of electron transport, and
electrons transferred through the PSI complex can take part in a range of
reactions. The primary pathway, linear electron transport, involves
electron transfer via Fd and ferredoxin-NADP+-oxidoreductase (FNR) to
reduceNADP+, generatingNADPHwhichprovides reducing potential for
the Benson–Calvin cycle and other metabolic processes. Alternatively,
electrons can be transferred from the acceptor side of PSI to oxygen,
the Mehler reaction [2]. The extent and significance of this reaction is
debated [3], however it is likely that it contributes significantly to
oxidative stress in leaves under some conditions. In addition, a cyclic
electron transport pathway, involving the return of electrons from the
; FNR, ferredoxin-NADP+-
on-photochemical quenching;

+44 161 275 5082.
. Johnson).

l rights reserved.
acceptor side of PSI to the donor side, is thought to play an essential role
in photosynthesis (for reviews see [4,5]). Given this central role for PSI
and its potential to influence the partitioning of electrons between
different processes, an understanding of its functioning in the context of
whole chain electron transport is essential.

PSI is a multisubunit complex [1] composed of 15 core subunits, PSI-
A to -L and PSI-N to -P. This core is associated with light-harvesting
complex I (LHCI) consisting of four subunits, Lhca1 to Lhca4. All subunits
are transmembrane, except PSI-C, -D, -E and -N. PSI-N is soluble in the
lumen, and PSI-C, -D and -E are extrinsically membrane bound on the
stromal side. The latter three form a compact interconnected structure,
known as the stromal ridge. PSI-C is necessary for the stable association
of PSI-D and -E [6].

PSI-D and PSI-E each occur in two isoforms, termed PSI-D1, -D2,
-E1 and -E2. Each isoform has been studied by knockout mutation in
Arabidopsis thaliana plants. Ihnatowicz et al. [7] showed, by knock-
ing out each isoform of PSI-D in Arabidopsis, that the major effect
rested with the D1 isoform. Knockout plants lacking PSI-D1
exhibited stunted growth and had only approximately 40% accumu-
lation of the PSI core complex per unit chlorophyll compared to the
wildtype. Plants had impaired photosynthesis under low light
conditions, and increased photosensitivity. Accumulation of PSII
was reduced to approximately 70% of wildtype. A PSI-D2 knockout, on
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the other hand, had no detectable phenotype. Haldrup et al. [8]
demonstrated that antisense suppression of PSI-D is accompanied by a
similar reduction of the PSI complex, but not the PSII and cytochrome
(cyt)b6f complexes. The major isoform of PSI-E, the E1 isoform, has also
been studied by knockout mutation, with knockout plants having
stunted growth, a marked reduction inmost PSI subunits, and impaired
photosynthesis under low light conditions [9]. PSI-E1 has beenproposed
to have a role in state transitions, as a stable LHCII-PSI aggregate was
responsible for the suppression of state transitions in mutant plants
lacking PSI-E1 [10,11].

Plants deficient in either PSI-D1 or -E1 are similar in many aspects,
but there is a notable difference in suppression of proteins of the PSI
complex. In the PSI-D1 knockout line, 60% of the entire PSI-D is
knocked out, as evidenced by immunoblotting [7]. This is accom-
panied by similar reduction in the accumulation of the entire core PSI
complex, together with the associated LHCI. In PSI-E1 knockout lines,
a similar loss of the E1 protein itself is seen, but the mutant retains
wildtype levels of PSI-A, -B and -F, as well as Lhca1 to Lhca4. This core
complex probably retains some functionality as plants with both PSI-E
isoforms knocked out retain some ability to grow photosynthetically
[12]. Regardless of these differences, both knockout lines can be
characterized as being PSI-limited, that is they exhibit reduced activity
of PSI, leading to an imbalance in the stoichiometry of PSI to PSII in the
favour of PSII.
Fig. 1. Chlorophyll fluorescence induction in plants of wildtype (A,B), psad1-1 (C,D) and psa
saturating flash (8000 μmolm−2 s−1)was applied each at 30 s. A;C;E—Representative fluoresce
in ΦPSII and NPQ measured from the fluorescence traces shown.
Given their location on the acceptor side of PSI, PSI-D and -E are
thought likely to play a role in influencing the fate of electrons passing
through PSI. In cyanobacteria, PSI-E has been suggested to be essential
for cyclic electron flow [13], although recent data questions this
conclusion [14]. Recently, Breyton et al. [15] examined the regulation
of cyclic electron flow in wildtype Arabidopsis and discussed various
models that might determine the partitioning between linear and
cyclic flows, with different degrees of segregation between the two
pathways being assumed. At one extreme, cyclic flowmight take place
in supercomplexes, comprising PSI, cyt b6f, Fd and PC, however no
biochemical evidence for this model has been found [15]. At the other
extreme, simple competition might occur between the two pathways.
Various other models, assuming different degrees of segregation can
also be postulated. In particular, competition might depend on the
distribution of FNR between membrane bound and soluble forms or
between PSI-bound and cyt b6f-bound forms.

Irrespective of which model is correct, the pivotal role of PSI is
obvious. However, none of the proposed models outline the
importance of the stoichiometric balance of PSI to PSII, or what effect
an imbalance would have on the occurrence of cyclic electron flow. In
this communication, we addressed this question by investigation of
PSI-limited transgenic Arabidopsis lines, having either PSI-D1 or -E1
knocked out. We present evidence that cyclic electron transport still
occurs in these lines, and that it proceeds at a proportionally higher
e1-3 (E,F) lines illuminated at 150 μmol m−2 s−1 at 20% oxygen and 2000 μl l−1 CO2. A
nce traces are shown forwildtype (A), psad1-1 (C) and psae1-3 (E) lines. B; D; F—Changes
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rate, relative to linear electron transport, than is the case in wildtype
plants under low light conditions. Furthermore, we demonstrate that
plants without PSI-D1 or -E1 have capacity for cyclic electron trans-
port under stress conditions, such as high light or CO2 limitation.

2. Materials and methods

2.1. Plant growth

Seeds fromwildtype (Col-0) Arabidopsis plants and from PSI-D1 [7] and PSI-E1 [12]
knockout lines were sown in soil, and plants were grown in a controlled-environment
growth chamber with a photon flux density (PFD) of 150 μmol m−2 s−1 on a 8 h light/
16 h night regime. Day temperature was 20 °C and night temperature was 16 °C. Fully
expanded, intact leaves of 8–10 week old plants were used for analysis.

2.2. Gas exchange, light response, P700 oxidation and chlorophyll fluorescence
measurements

Plants were dark-adapted overnight prior to each measurement. For steady-state
measurements of photosynthetic parameters, attached leaves were clamped into the
chamber of an infra-red gas analyser (IRGA) (PP Systems, Hitchin, UK), which enabled
the external CO2 concentration to be controlled, whilst the internal CO2 concentration
(Ci) could be calculated from gas exchange parameters. Pure nitrogen and oxygenwere
supplied by gas cylinders (BOC, Guildford, UK). Nitrogen and oxygen gas flow rates were
controlled by MKS mass flow controllers connected to an MKS model PR 4000
controller (MKS Instruments, Massachusetts, USA). This allowed the oxygen concentra-
tion to be controlled. Light response measurements were carried out at ambient oxygen
and the external CO2 concentration was set to 2000 μl l−1.

Changes in absorbance at 830 nm were used as a measure of the redox state of
P700, the primary PSI donor. Measurements were made using a Walz PAM 101
fluorometer with an ED-P700DW-E emitter-detector unit (Walz, Effeltrich, Germany).
Actinic light was supplied by an Intralux 6000 lamp (Volpi, Schlieren, Switzerland)
filtered by a Calflex-X filter. Chlorophyll fluorescence measurements were made using a
PAM 101 fluorometer together with a 101-ED emitter-detector unit (Walz, Effeltrich,
Germany). Saturating pulses of light (8000 μmol m−2 s−1) were supplied by a Volpi
Intralux 1500 lamp (Volpi). Lights were shuttered using a Uniblitz 14 mm electronic
shutter (Vincent Associates, Rochester, N.Y., USA), controlled by a computer using
laboratory-written software.

Measurements of PSII parameters were calculated as described by Maxwell and
Johnson [16], where ΦPSII=(Fm'−Ft)/Fm' and NPQ=(Fm−Fm')/Fm'. Calibration of the maxi-
mum P700 signal size, measurements of chlorophyll fluorescence and measurements of
P700+ were performed as described by Golding and Johnson [17]. Measurements of the
light andCO2 response curvewere obtainedusing a new leaf for eachmeasurement at each
of the different light intensities and CO2 concentrations, respectively.

2.3. Quenching relaxation analysis

PSI-D1 and PSI-E1 knockout and wildtype plants were dark-adapted overnight
before being clamped into the cuvette chamber of the IRGA. Leaves were subjected to
light for 30 min and chlorophyll fluorescence parameters were recorded. Then, light
was turned off and every 120 s a 1 s flash of saturating light was given for a period of
30 min. Actinic irradiance was at 1500 μmol m−2 s−1.

2.4. Membrane potential measurements

Spectroscopic measurements of membrane potential changes were performed on
intact leavesof overnightdark-adaptedplantswith aflash spectrophotometerasdescribed
previously [15,18]. Briefly, membrane potential changesweremeasured at 520 nmusing a
white LED source (Luxeon, Lumileds) filtered through appropriate interference filters. Pre-
flashes were provided by a green LED source (λmax=530 nm). Far-red illumination was
provided by a high powered LED chip peaking at 740 nm (LED740-66-60, Roithner
Lasertechik, Vienna, Austria), filtered through a Schott RG710 glass filter.

2.5. State transition measurements

State transitions were measured using a protocol similar to that described in [19].
Briefly, state transitions were measured on intact leaves with a PAM fluorometer. The
leaf was subjected to a saturating flash for 1 s followed by illumination for 34 min at
30 μmol m−2 s−1 of blue light (Luxeon LXHL-LB5C, λmax=470 nm, Philips, LumiLed,
USA). Then, the blue light was turned off and replaced by far-red light (LED740-66-60,
Roithner Lasertechnik, Austria, filtered by a Schott RG-715 glass filter) for 28 min. The
far-red light was turned off and fluorescence was measured again in the blue light for
20 min. Every fourth minute, a saturating 1 s flash was applied, allowing for subsequent
calculation of ΦPSII and NPQ.

2.6. Immunoblot analysis

Leaves from plants, adapted to the different light conditions used to monitor state
transitions (dark, blue or far-red light; see above), were harvested and frozen in liquid
nitrogen. Thylakoids were prepared in the presence of 10 mMNaF and fractionated on a
SDS-polyacrylamide gradient gel, as previously described [20]. After blotting, filters
were probed with phosphothreonine-specific antibodies (Cell Signalling) and signals
were detected by enhanced chemiluminescence (Amersham Biosciences). To control
equal loading filters were immunolabelled with antibodies raised against Lhcb2.

3. Results

3.1. Responses of PSII parameters to low light

Exposure of a dark-adapted wildtype Arabidopsis leaf to 150 μmol
m−2 s−1 white light, in the presence of saturating CO2 and ambient
oxygen, resulted in a rapid rise in fluorescence, followed by a slower
quenching, with fluorescence reaching a steady-state yield close to Fo
(Fig. 1). Fluorescence quenching analysis revealed an initial, transient
increase of NPQ, as has been described previously [21], this being
replaced by photochemical quenching upon prolonged illumination,
such that the steady-state fluorescence level (Ft) fell throughout the
inductionperiod. Inbothpsad1-1 andpase1-3 lines, illumination resulted
in a steady-state level of fluorescence that fell from an initial peak, to
reach a minimum at approximately 100 s, after which Ft rose again
reaching a steady level that was significantly higher than Fo. Quenching
analysis revealed that this transient quenchingwas due to the induction
of a high level of NPQ. As in the wildtype, this transient quenching
relaxed upon prolonged illumination, however, it was not replaced by
photochemical quenching. The maximum ΦPSII attained in the two
mutant lines was similar, but substantially lower than in wildtype.

The responses ofpsad1-1 andpsae1-3plants to low light illumination
were overall quite similar. Nevertheless, certain differences were ob-
served. Application of a saturating flash to psad1-1 leaves resulted in a
negative transient in the fluorescence yield following a return to actinic
light, a phenomenon absent in both the wildtype and the psae1-3
mutant. Closer examination of the fluorescence transient during and
after a flash revealed that the flash induced a quenching of Fm, which
might be related either to theflash-inducedgenerationof aΔpH, leading
to NPQ, or flash-induced accumulation of reduced pheophytin.
Measurements with a lower flash intensity tended to reduce the extent
of this phenomenon, but were however less saturating. The Fm values
measured in the PSI-D1 lines under these conditions are liable to be a
slight underestimation, leading to an exaggeration of NPQ and an
underestimation ofΦPSII. This phenomenonwas only present when low
intensities of actinic light were used.

3.2. Migration of phosphorylated LHCII to PSI occurs in psad1-1 and
psae1-3 mutants but is not sufficient to balance PSI to PSII turnover at
low light

The high steady-state level of Ft observed in the psad1-1 and psae1-3
lines in Fig. 1 results from a suppression of ΦPSII, which is not
compensated for by an increase in NPQ over wildtype levels. The drop
inΦPSII at limiting light intensities implies an imbalance in the turnover
of PSI and PSII, such that the electron transport chain, in particular
the plastoquinone pool, is maintained in a reduced state. In wildtype
plants, imbalances in PSI:PSII turnover at low light are thought to
be compensated for by the process of state transitions [22,23]. State
transitions can be observed as giving rise to a non-photochemical
quenching of chlorophyll fluorescence (NPQT). Previously, a marked
suppression of reversible state transitions was observed in PSI-D1 and
-E1 knockout lines [7,10], indicating impairment in the re-distribution of
excitation energy between the photosystems.

In order to determine whether state transitions might contribute
to low light NPQ, we examined fluorescence quenching parameters by
using a protocol modified from [19]. In contrast to that previous work,
dephosphorylation of LHCII was induced by applying a pure far-red
light, and not by imposing it on a PSII favouring light. We have made
estimates of state transitions using LED light sources, which have a
narrow spectral range. Sustained illuminationwith low-intensity blue



Fig. 2. The occurrence of state transitions, as monitored by chlorophyll fluorescence inwildtype (A,B), psad1-1 (C,D) and psae1-3 (E,F) lines. Dark-adapted leaves were exposed to low-
intensity blue light (λmax=470 nm, 30 μmol m−2 s−1). After 35 min, light was changed to far-red (λmax=710 nm). After a further 20 min this light was switched back to blue. A
saturating flash (8000 μmol m−2 s−1) was applied 4 min throughout the experiment. A;C;E—Representative fluorescence traces are shown for wildtype (A), psad1-1 (C) and psae1-3
(E) lines. B; D; F—Changes in ΦPSII and NPQ measured from the fluorescence traces shown. Dashed lines indicate the change of light source.

Fig. 3. Thylakoid protein phosphorylation levels inWTandmutants (psad1-1 and psae1-3)
adapted to the different light conditions used to monitor state transitions. The
phosphorylation levels of CP43 (pCP43), D1/D2 (pD1/D2) and LHCII (pLHCII) were
detected by Western analysis using a phosphothreonine-specific antibody (upper
panels). The same filters were immunolabelled with Lhcb2-specific antibodies to
control equal loading (lower panels). C, dark-adapted; B, blue-light adapted; FR, far-red
light adapted.
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light (λmax=530 nm) resulted in a slow induction of NPQ in all plants,
with a steady-state level of approximately 0.2 being achieved (Fig. 2).
Inwildtype, the steady-state value of Ft was close to Fo. In both mutant
lines, an Ft value significantly higher than Fo was observed. This
implies that, whilst in wildtype state transitions are able to balance
photosystem excitation, this was not the case in the mutant lines. This
might either be because no state transitionwas occurring or because it
was insufficient to balance the turnover of the two photosystems.
When the light source was switched from blue to far-red, there was an
immediate substantial drop in the Ft in both mutant lines, implying
that an oxidation of the plastoquinone pool is induced. This effect is
largely absent in wildtype plants. Prolonged exposure to far-red light
resulted in a decline in NPQ in all the plants measured. This is
consistent with all plants exhibiting a state transition in blue light that
is reversed by far-red light. Shifting from far-red back to blue light, the
plastoquinone pool rapidly became over-reduced in all plants, as in-
dicated by the transient rise in fluorescence. Shortly thereafter Ft
relaxed to the level seen at the end of the initial blue-light illumination,
this being high in the knockout lines.

Under initial illumination with blue light, ΦPSII was clearly higher
for the wildtype than for the psad1-1 and psae1-3 lines. ΦPSII is only
transiently affected by the alternation between PSII- and PSI-exciting
light in the wildtype, whereas both knockout lines had elevated ΦPSII

values, similar to that of the wildtype when subjected to far-red light
alone. In all plants, steady-state values of NPQ were similar under all
conditions, with this being highest under blue light and dropping
upon illumination with far-red light. We suggest that this blue-light
induced NPQ is due to state transitions occurring in all plants, with
this being reversed upon far-red illumination.

Previously, Ihnatowicz et al. [24] observed that imposing far-red light
on background blue light did not result in the full dephosphorylation
of light-harvesting proteins, suggesting that state transitions were not



Fig. 4. Effect of far-red illumination on the redox state of P700 in dark-adapted and pre-illuminated leaves of wildtype (A, B), psad1-1 (C, D) and psae1-3 (E, F) lines. Dark-adapted
leaves were exposed to a 200 ms flash of saturating light and then, after 5 s, a far-red light was applied (black traces). The same leaves were then exposed to an actinic light
(200 µmol m−2 s−1) for 20 min. Leaves were then darkened for 1 s before reapplication of far-red light (red traces). In all cases scale has be set for far-red light on at t=0 s. Far-red
intensity was either low (A,C,E), or high (B,D,F) with the low intensity being 5% of the high intensity. All traces are normalised to the maximum signal recorded in leaves that were
illuminated and then re-darkened for 5 min.
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fully reversed. To confirm that this is also the case when leaves are
illuminatedwith far-red light alone, wherewe are confident that the PQ
pool is fully oxidised, we performed an assay of the phosphorylation
state of thylakoid proteins in dark-adapted, blue-light illuminated and
far-red light illuminated conditions (Fig. 3). As observed previously, in
dark-adapted leaves there is a degree of phosphorylation of thylakoid
proteins, which is increased upon illuminationwith blue light. Exposure
to far-red light reverses this additional phosphorylation, however only
to the extent seen in the dark-adapted leaves. A similar pattern was
observed in D1/D2 and CP43 phosphorylation patterns. Thus we
conclude that state transitions are only partially reversible in the
psad1-1 and psae1-3 knockout mutants, indicating that only part of the
markeddrop inNPQobserved inmutantplants uponexposure to far-red
light is attributable to the decrease in NPQT.

Knocking out either PSI-D1 or PSI-E1 goes beyond just removing
the single protein from the PSI complex [7,9,10,12]. The secondary
effect of each knockout is a marked reduction in the activity of and to a
greater or lesser extent in the amounts of other polypeptides of the PSI
complex, resulting in an imbalance in the stoichiometry of PSII to
PSI in the favour of PSII. In line with earlier observations [7,10], our
data (Fig. 2) indicate that the knockout lines are unable to balance
the excitation between the two photosystems despite an enhanced
phosphorylation of LHCII, that persists even after a prolonged ex-
posure to far-red light. Thus, linear electron transport from PSII to PSI
fails to operate efficiently in the PSI-D1 and -E1 lines, and this is due to
the reduced amount of PSI.
3.3. Cyclic electron transport competes efficiently with linear in
dark-adapted leaves in PSI-D1 and -E1 mutants

The transient appearance of NPQ under low light conditions (Fig. 1)
has previously been explained by the generation and relaxation of a
trans-thylakoid pH gradient [21]. The extent of this quenching, which
is high compared with reported values for NPQT, as well as the ob-
servation that it relaxes,make it unlikely that state transitions contribute
to this effect significantly and the reversibility rules out a contribution of
photoinhibition. Following the initial exposure of a dark-adapted leaf
to light, the trans-thylakoid pH gradient builds up, leading to an increase
in NPQ. At this stage the NADPH- and ATP-consuming reactions of
the Benson–Calvin cycle are inactive. Upon further illumination, NPQ
reaches a peak and then begins to drop. This relaxation can be explained
by the light activation of enzymes involved in carbon fixation in the
Benson–Calvin cycle, which in turn results in the relaxation of the trans-
thylakoid pH gradient [21].

Several processes might contribute to the transient generation of
ΔpH upon illumination, including, in particular, electron transport to
oxygen and cyclic electron transport around PSI. To investigate the
contribution of the former process, measurements were performed at
2% oxygen (data not shown), and notably, the appearance of transient
NPQ was also seen. This allows us to deduce that electron transport to
oxygen does not play a substantial role in the generation of the trans-
thylakoid pH gradient under these conditions. It thus seems likely that
cyclic electron flow is the major contributor to transient ΔpH in all the



Fig. 5. Membrane potential changes induced by low-intensity far-red light in wildtype (A,B) and psad1-1 (C,D) and psae1-3 (E,F) lines. A;D;E—Representative traces of membrane
potential changes. In each case a 200 ms saturating flash of light was applied at t=−5.2 s and far-red light applied from t=0 s. Far-red light was turned off for 50 ms after 0.9 s again
after every 2 s of light. The dark-induced transients are visible as downward spikes. The intensity of far-red light was as in Fig. 4A. B;D;F—relative rates of charge separation. The
difference in the slope of themembrane potential curves immediately before and after switching off the light for each dark period is shown as ameasure of relative electron transport
rate. Each point represents the mean±SE of at least three measurements on separate plants.
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plants studied. Cyclic electron flow specifically requires activity of PSI
and the twomutant lines were both deficient in PSI content. However,
the extent of NPQ transiently induced in the two mutant lines was
greater than that seen in wildtype, suggesting that a substantial ΔpH
was being generated, in spite of the lack of PSI.

Recently, evidence for the occurrence of cyclic electron transport
has been obtained by examining the kinetics of P700 oxidation using
far-red light in either dark-adapted or pre-illuminated leaves [4,15].
Adopting the same approach, we compared the kinetics of P700
oxidation upon application of far-red light inwildtype and psad1-1 and
psae1-3 plants (Fig. 4). Dark-adapted leaveswere subjected to a 200ms
saturating flash of light, followed by a low-intensity far-red illumina-
tion for 60 s The same leaf was then subjected to actinic light for a
period of 15 min (light-adapted), after which far-red illumination was
re-applied and P700 oxidation monitored. In dark-adapted leaves of
wildtype plants, P700 was readily oxidised, following a lag period of a
few seconds. In contrast, in psad1-1 and psae1-3 lines, very little
oxidation of P700 occurred under the same experimental conditions.
Illuminationwith actinic lightwas thenused to activate the enzymes of
the Benson–Calvin cycle. Low-intensity far-red illumination of light-
adapted leaves of wildtype plants led to rapid oxidation of P700 with
the steady-state level being similar to that of dark-adapted leaves.
P700 reached its maximum level of oxidation faster than in dark-
adapted leaves, as therewas no lag in the induction of P700oxidation, a
phenomenon which has been ascribed to the suppression of cyclic
electron flow [4,15]. In contrast to dark-adapted leaves, light-adapted
leaves of the two knockout lines showed clear oxidation of P700,
although this was slow compared to their wildtype counterpart.

The lag and slow oxidation of P700 observed in wildtype plants has
previously been ascribed to the occurrence of cyclic ET [4,15]. In dark-
adapted leaves of the psad1-1 and psae1-3 lines, this lag was especially
marked, with little or no net oxidation of P700 occurring. Furthermore,
there was an obvious slowing down of P700 oxidation in the light-
adapted leaves of the psad1-1 and psae1-3 lines, compared to the
wildtype. Taken together, these observationsmight be an indication that
proportionally more cyclic than linear electron transport is taking place
in themutant plants, when compared to thewildtype. However, various
other explanations for this slow oxidation can also be suggested.

The imbalance inPSI:PSII in themutant plantsmightmean that, even
in the presence of far-red light, excitation of PSII exceeds that of PSI,
meaning that nonet oxidation of PSIwill occur. Various lines of evidence
allow us to exclude this possibility, however. Far-red illumination of
leaves infiltrated with the herbicide DCMU, to block PSII turnover, did
not result in a significant increase in the oxidation of P700 (not shown).
Application of far-red light should give no oxidation of P700 even after
activation of the Benson–Calvin cycle. This is not the case — in leaves



Fig. 6. Irradiance dependence of chlorophyll fluorescence quenching parameters in wildtype (○), psad1-1 (●) and psae1-3 (□) lines. Quantum yield of PSII (ΦPSII; A), Ft/Fm ratios
(B), relative electron transport through PSII (PSII ETR, C), and non-photochemical quenching (NPQ, D) were measured in plants subjected to a range of light intensities at 20% oxygen
and 2000 μl l−1 CO2. Leaves were illuminated for 30 min to allow photosynthesis to reach a steady state, before a saturating flash (8000 μmol m−2 s−1) was applied to estimate
fluorescence parameters. Each point represents the mean±SE of at least three measurements on separate plants.
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pre-illuminated with actinic light, P700 was readily oxidised (Fig. 4).
Finally, an imbalance in PSI:PSII turnover would be expected to be
independent of the intensity of far-red irradiance used or indeed to be
worse under high far-red light, as PSI becomes light saturated before
PSII. Upon application of a high-intensity far-red illumination (~20× that
used previously), P700 was readily oxidised in all plants. This
acceleration in oxidation is inconsistentwith the idea that an imbalance
in PSI:PSII turnover inhibits P700 oxidation under far-red light.

Early work from Siebke et al. [25] suggested that the slow oxidation
of P700 by far-red light might be due to the net reduction of the PSI
acceptor pool by electrons flowing through the electron transport
chain, resulting in a transient blockage in overall electron flow. Thus,
the failure of low far-red light to oxidise P700 might result from such
an effect. In light-adapted leaves, where the Benson–Calvin cycle
provides an efficient sink for reducing equivalents, P700 was rapidly
oxidised in all plants, consistent with the idea that P700 oxidation is
sink limited. However, this effect is again expected to occur, and even
increase, with increased far-red light. Instead, increasing the far-red
light intensity resulted in an acceleration of P700 oxidation, an effect
that is inconsistent with reduction of the acceptor pool being
responsible for the failure to oxidise P700.

Further evidence against a blockage in electron transport being
responsible for the failure to oxidise P700 comes from measurements
of the ability of plants to generate an electrical field across the
thylakoid membrane, as indicated by the electrochromic shift in the
region of 520 nm (Fig. 5). Dark-adapted leaves were subjected to low-
intensity far-red illumination as in previous measurements. In wild-
type, an initial rapid generation of the field is followed by a slower rise
and then a decay over a period of approximately 10 s. In psad1-1 and
psae1-3 plants, similar kinetics were observed, however the second
rise and fall was less marked. Throughout the course of illumination,
short dark pulses of 50 ms in duration were applied every 2 s. The
transient shift from light to dark allows the estimation of the total
photochemical rate (PSI+PSII) measured as the rate of the far-red light
induced formation of the membrane potential [18]. The difference in
the slopes immediately before and after light is switched off can be
taken as an indication of this rate [26]. During the first few seconds of
low-intensity far-red illumination, the rate is maintained at high levels
in all plants. Thereafter, however, in wildtype plants the rate drops
steeply and, within a few seconds, steady levels of approximately 10%
of the initial rates are reached. On the other hand, in the psad1-1 and
psae1-3 lines the rate drops much more slowly, and it appears that
after the first ca. 30 s steady levels are reached, approximately 20% of
the initial rates. From this we conclude that both the psad1-1 and
psae1-3 lines maintain a rate of electron transport throughout the
period when no net oxidation of P700 is occurring.

Based on the above observations, we conclude that, in dark-
adapted leaves, the efficiency of cyclic electron transport around PSI is
greater in psad1-1 and psae1-3 mutants than in wildtype.

3.4. Cyclic electron transport is able to compete efficiently with linear
flow at high light

The occurrence of cyclic electron transport under stresses such
as high light and low CO2 is well documented [17,27,28]. We inves-
tigated the effect of varying light intensities on the psad1-1 and psae1-
3 lines. Fluorescence quenching parameters were measured at a set
of different irradiances in the presence of saturating CO2 and at
ambient oxygen (Fig. 6). As the irradiance increased, ΦPSII dropped
in all plants, reflecting progressive saturation of PSII. ΦPSII was lower
in both psad1-1 and psae1-3 lines than in wildtype plants at all
irradiances (Fig. 6A). The degree of suppression of ΦPSII was very
similar in the two knockout lines. Electron transport through PSII (PSII
ETR) was estimated as the product ofΦPSII and irradiance (Fig. 6C). ETR
in all plants saturated at around 600 μmol m−2 s−1. As seen in Fig. 1, at
low light the steady-state level of fluorescence, Ft, expressed relative
to Fm was elevated compared to the wildtype (Fig. 6B). However, this
was only true under conditions of light limitation. As irradiance rose
above the saturation point for PSII electron transport, Ft/Fm fell to wild
type values.

With increasing irradiance, NPQ rose in all plants, tending to
saturate only at the highest irradiances measured (Fig. 6D). At low
light (below 350 μmol m−2 s−1), NPQ was similar in all three plants. At
higher light intensities, however, a clear divergence in NPQ emerged.



Table 1
Quenching relaxation analysis of plants illuminated at high light

Measurement Wildtype psad1-1 psael-3

20% O2 and 2000 µl l−1 CO2

NPQs 0.188±0.005 0.610±0.098 0.406±0.038
NPQf 1.949±0.068 2.433±0.110 2.430±0.204
NPQtotal 2.137±0.073 3.043±0.026 2.836±0.171
ΦPSII 0.175±0.003 0.105±0.002 0.114±0.004

20% O2 and 0 µl l−1 CO2

NPQs 0.398±0.072 0.776±0.085 0.572±0.082
NPQf 2.170±0.068 2.588±0.067 2.533±0.075
NPQtotal 2.568±0.076 3.364±0.078 3.105±0.081
ΦPSII 0.041±0.002 0.037±0.009 0.038±0.008

2% O2 and 2000 µl l−1 CO2

NPQs 0.143±0.020 0.610±0.092 0.327±0.025
NPQf 1.917±0.140 2.568±0.068 2.530±0.109
NPQtotal 2.060±0.160 3.090±0.120 2.857±0.133
ΦPSII 0.145±0.010 0.090±0.004 0.094±0.007
Ratio ΦPSII (2%/20%) 0.83 0.86 0.82

Values of the fast- and slow-relaxing components of NPQ (NPQf and NPQs, respectively)
and ΦPSII measured at 2000 µmol m−2 s−1 light at varying CO2 and oxygen
concentrations. Mean values±SE of at least three measurements of wildtype, psad1-1
and psae1-3 plants are shown.

Fig. 7. Irradiance dependence of Photosystem I parameters in wildtype (○), psad1-1 (●)
and psae1-3 (□) lines. The proportion oxidation of P700 (A) and the apparent rate constant
for the re-reduction of PSI (k, B) were measured on leaves immediately after fluorescence
measurements in Fig. 6. Values for k at lower irradiances (b350 μmol m−2 s−1) are not
shown as these could not be accurately measured, due to too low P700 oxidation. For
conditions where N~15% PSI was oxidised, the rate of PSI turnover is estimated as ETR=
[P700+]⁎k. Each point represents themean±SE of at least threemeasurements on separate
plants.
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In psad1-1 line, NPQ was clearly higher than in psae1-3 line, which in
turnwas higher than inwildtype. A quenching relaxation analysis was
conducted at high light to differentiate between NPQ as a pH-
regulated protective process and photoinhibition (Table 1). The
majority of quenching relaxed quickly in the dark (NPQf) in all plants,
which is indicative of pH-dependence. However, a fraction of the
quenching was more persistent (NPQs), suggesting that photoinhibi-
tion was occurring. The total NPQs was greater in the psad1-1 and
psae1-3 lines, in particular in the former, suggesting greater suscept-
ibility to photoinhibition in the knockout lines. Nevertheless, this
damage only partially explained their elevated NPQ at high light. NPQf

was also greater, and equally great in the two lines.
As in measurements of transiently induced NPQ at low light, the

generation of ΔpH driving NPQ at high light might be related to cyclic
electron flow or electron transport to oxygen. Quenching relaxation
analysis was also carried out under low oxygen conditions (2%) to
suppress electron transport to oxygen (Table 1). NPQtotal was similar to
that recorded at 20% oxygen for all plants. Furthermore, the
proportions of NPQs and NPQf were also similar. However,ΦPSII values
were slightly lower at depleted oxygen in all plants. This suggests that
oxygen is a weak sink for electrons in all plant lines but that it is not a
major contributor to net generation of ΔpH, as has been observed
previously [27]. This contrasts to recent data published relating to
cyanobacteria lacking PSI-E, where evidence for increased photo-
reduction of oxygen was presented [14].

Fig. 7 shows parameters relating to PSI photochemistry measured
in the same leaves used in Fig. 6. In all plants, the proportion of P700
oxidised increased with increasing irradiances (Fig. 7A). At all
irradiances, P700 was more oxidised in the wildtype than the psad1-
1 and psae1-3 lines. Given that, in the two knockout lines, PSI has been
reduced to limiting concentrations and there is therefore an excess
of PSII turnover, the observation that PSI becomes oxidised with
increasing irradiance is somewhat surprising. In the mutant lines,
overall PSI content and activity is reduced, we do not expect electron
flow to be limited on the acceptor side of PSI. The presence of an
efficient sink for electrons seems to be sufficient to allow oxidation of
P700 to occur. Given that the PSII acceptor pool becomes increasingly
reduced at high light, this implies that, at high light, the slowest
effective step in the electron transport chainmust lie between PSII and
PSI in all plants.

Upon a light–dark transition, P700 was reduced following a pseudo-
first order decay, which can be fitted to an exponential equation to
yield an apparent first order rate constant (k) [29] (Fig. 7B). This rate
constant was similar in all three plants and constant throughout the
irradiance range, except at 350 μmol m−2 s−1 where a lower value was
attained in all plants. At lower light intensities, it was not possible to
estimate k, due to the small signal size. The observation that k was not
lowered in the mutant lines implies that the limitation in electron
transport was not due to feedback regulation of the electron transport
chain.

Multiplication of the rate constant for the re-reduction of P700, k,
and the amount of oxidised P700 provides an estimate of PSI ETR,
provided that at least 30% of PSI is oxidised [17,30]. In all plants, PSI
ETR rose with increasing irradiance, across the irradiance range where
PSI ETR could be estimated. In contrast, PSII ETR in the same irradiance
range was saturated. This can be interpreted by stating that more
electron transport is going through PSI than PSII at high light
intensities, and that this is indicative of the occurrence of cyclic
electron transport. Our data are in line with those previously reported
at high light [27,28], where evidence for increased cyclic electron
transport at high light has been reported. Thus, we conclude that
cyclic electron transport is occurring at high light in both the psad1-1
and psae1-3 lines, in spite of the limitation of PSI.



Fig. 8. Response of chlorophyll fluorescence quenching parameters to CO2 concentra-
tion in wildtype (○), psad1-1 (●) and psae1-3 (□) lines. The quantum yield of PSII
(A) and non-photochemical quenching (B) weremeasured in leaves subjected to a range
of CO2 concentrations at 20% oxygen and 1500 μmol m−2 s−1 white light. Fluorescence
parameters were estimated as outlined in the legend for Fig.1. Each point represents the
mean±SE of at least three measurements on separate plants.

Fig. 9. Response of Photosystem I photochemistry to CO2 in wildtype (○), psad1-1 (●)
and psae1-3 (□) lines. The degree of oxidation of P700 (A), the rate constant for the re-
reduction of PSI (B) and PSI electron transport rate (C) were made on leaves
immediately after fluorescence measurements in Fig. 4. Each point represents the
mean±SE of at least three measurements on separate plants.

Fig. 10. Relationship between electron transport through PSI (PSI ETR), and PSII (PSII
ETR) with varying CO2 concentrations. Data points represent data collected at all CO2

concentrations measured (taken from Figs. 8 and 9). Data for wildtype (○), psad1-1 (●)
and psae1-3 (□) lines are shown.
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3.5. Effect of lowering CO2 availability on PSII and PSI electron transport

The occurrence of cyclic electron transport has been documen-
ted under drought conditions [17]. To investigate the effect of the
limitation of CO2 in the psad1-1 and psae1-3 lines, PSII photochemistry
was measured at a range of different concentrations of CO2 using
chlorophyll fluorescence analysis (Fig. 8). ΦPSII drops with decreas-
ing CO2 concentrations, reflecting a limitation of CO2 supply to the
Benson–Calvin cycle. In both psad1-1 and psae1-3 lines, ΦPSII was
lower than in wildtype plants at any CO2 concentration (Fig. 8A). The
degree of inhibition was similar in the two knockout lines. Notably,
ΦPSII converged to a similar value for all plants only at the very
lowest CO2 concentrations, even though CO2, not PSI, is expected to
be limiting for electron transport across a broader range of CO2

concentrations.
Values of NPQ increasedwith decreasing concentrations of CO2 in all

plants (Fig. 8B). At all CO2 concentrations, NPQwas higher for the psad1-
1 than for the psae1-3 line, which in turn had higher NPQ than the
wildtype. To investigate the nature of NPQ under CO2 limitation, a
quenching relaxation analysis at 0 μl l−1 CO2 was carried out (Table 1).
The additional NPQ at low CO2 could be explained partly by pho-
toinhibition and partly by accumulation of reversible quenching. NPQs

was greatest in the psad1-1 line, but was also elevated in the psae1-3
relative to wildtype plants.

Fig. 9 shows parameters relating to PSI photochemistry measured
in the same leaves used in Fig. 8. Decreasing concentrations of CO2

resulted in increased oxidation of P700 in all cases (Fig. 9A). This
increase was more pronounced in the psad1-1 and psae1-3 lines than
the wildtype. At the highest CO2 concentration, P700 oxidation was
clearly higher for the wildtype, whereas, as the CO2 concentrationwas
decreased, values of P700 oxidation converged to similar high values
for all three plants. At all CO2 concentrations, the rate constant for
reduction of P700, k, was similar in all plants (Fig. 9B).With decreasing
CO2 concentrations, k drops, reflecting the regulation of the electron
transport chain [17]. Lowering of the CO2 concentration resulted in
values of k converging at a similar low value of approximately 0.05 in
all plants. Under all conditions, the pool of oxidised P700 exceeds 30%
allowing an estimation of PSI ETR [17,30]. Inwildtype, PSI ETR fell with
falling CO2 concentration. For the mutant lines, PSI ETR was rather
constant over a large range of CO2 concentrations, only falling sig-
nificantly at the lowest CO2 concentrations (Fig. 9C).
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An indication of the relative extent of cyclic electron transport can
be obtained by comparing PSI and PSII ETR (Fig. 10). The low values for
both PSII and PSI ETR correspond to the measurements at low
concentrations of CO2. In all plants, PSI ETR does not drop inproportion
to PSII ETR with decreasing CO2 concentrations. Golding and Johnson
[17] provided evidence of down-regulation of linear but enhanced
cyclic electron transport during drought or CO2 limitation. In line with
this, we demonstrate here that the lines lacking PSI-D1 and -E1 as well
as wildtype plants have a capacity to increase cyclic electron transport,
relative to linear, as a response to decreasing CO2 concentrations.

4. Discussion

Without PSI-D1 or PSI-E1 PSI cannot be properly assembled —

either they are not accumulated or the resulting protein has impaired
function. The consequence of this is an imbalance in the stoichiometry
of PSI to PSII in the favour of PSII. Thus, plants lacking PSI-D1 or PSI-E1
are expected to be PSI-limited. Several of the results presented in this
paper cannot however be simply explained in terms of an imbalance
in photosystem turnover. Indeed, the results presented here, lead us to
suggest that PSI and PSII do not exist in a simple equilibrium but
rather tend to support the idea proposed elsewhere [31] that distinct
pools of PSI might exist that only partially interact.

At first analysis, at low light the psad1-1 and psae1-3 lines behave
much as to be expected. Under such conditions, the turnover of each
reaction centre will be determined largely by its antenna size. Thus a
lowering in the concentration of PSI should give an imbalance in the
ratio of PSI:PSII turnover, as is indeed observed. Plants might tend to
compensate for such an imbalance either in the long term by altering
the total amount of each photosystem or the antenna cross-section
(i.e. making less LHCII and/or PSII and more LHCI) or dynamically via
state transitions. It is clear that the former responses, if they are
occurring, are not sufficient to compensate for the mutations. LHCII
phosphorylation and migration to PSI are enhanced in mutant plants
and do contribute towards balancing photosystem turnover, however
these are again not sufficient to compensate for the overall loss of PSI
activity (Fig. 2). Consistent with previous observations, we observe the
presence of a stable pool of phosphorylated thylakoid proteins (Fig. 3),
implying that even under pure far-red light where the PQ pool is fully
oxidised, there is still a degree of activation of the STN7 kinase.

Previously, Finazzi et al. [21] described the occurrence of a
transient non-photochemical quenching of chlorophyll fluorescence
under conditions of a dark–light transition, which they ascribed to the
generation of a large ΔpH, probably generated by cyclic electron
transport or electron transport to oxygen, both of which involve PSI.
The observation that this transient is enhanced in the PSI-deficient
psad1-1 and psae1-3 lines is therefore somewhat surprising — a
reduced amount of PSI should result in a reduced capacity to generate
ΔpH. However, the observation that the competitiveness of cyclic
electron transport is enhanced may explain this apparent anomaly. If,
under conditions of limited electron flow, electrons are tending to feed
back into the cyclic pathway in preference to being taken for the linear
pathway, then it should be possible to generate a high ΔpH. This
however only applies to conditions where the Benson–Calvin cycle is
largely inactive. At steady state, the NPQ is no greater than inwildtype
under low light conditions (Fig. 6). NPQ is not a direct indicator of
ΔpH, since the sensitivity of quenching to the pH may vary between
plants depending on xanthophyll content and light-harvesting (and
PsbS) content, nevertheless, the occurrence of high NPQ is indicative
of a high ΔpH being generated.

Under far-red light there is a net loss of electrons from PSI over
time that is substantially slowed in the two mutants. The loss of
electrons from PSI is likely to be a probabilistic event, whereby, with
each charge separation, there is a certain probability that an electron
will be lost. Increasing the irradiance will increase the rate of PSI
turnover and therefore of loss of electrons from the PSI pool. The
enhanced efficiency of cyclic flow implies that the probability of
electrons being lost from PSI is lowered in the mutants. This suggests
that the factor determining electron loss from cyclic is related to the
ability of electrons to return to the electron transport chain, rather
than the efficiency of stromal electron acceptors to remove them,
consistent with the previous assertion that ferredoxin limits re-
injection of electrons into the electron transport chain [32]. In the
mutants, the total rate of charge separation in PSI will be lower, as the
total amount of PSI is lowered. Therefore the return of electrons to the
PSI donor side will less readily become limiting.

As light increased, the turnover of PSI remained limiting for linear
electron transport in both mutant lines, as evidenced by the
suppression of PSII ETR across all irradiances. If PSI and PSII existed
in simple equilibrium, it should be expected that this would result in
the PSI pool being maintained in a reduced state at all times. This is
clearly not the case. Although the PSI pool is somewhat more reduced
at any given irradiance, there remains a significant proportion that is
oxidised, rising with rising irradiance. So, we can conclude that the
turnover of at least a proportion of PSI is limited on the donor side.
This might be explained as due to down-regulation of the cyt b6f
complex, as is seen, for example, at low CO2. There is however no
evidence that this is occurring. The rate constant for re-reduction of
P700+, k, is not lower in the mutant lines and does not fall with
increasing irradiance. Rather, we suggest that a proportion of PSI
might exist in rapid equilibriumwith PSII and therefore bemaintained
in a reduced state at high light but that the remainder of PSI is
uncoupled from linear electron transport and can therefore be
oxidised under high light conditions. Overall, though, the proportion
of PSI that is reduced under any conditions is higher in the wildtype
than in the mutant lines, suggesting either that a larger proportion of
PSI is accessible to PSII in the knockout lines or that the return of
electrons via the cyclic pathway is more efficient, relative to PSI
turnover. The latter proposal is consistent both with the low light
response (Figs. 1,6,7) and also with the observation that NPQ is
elevated at high light in the mutant lines (Fig. 6).

Under conditions of low CO2, cyclic electron transport was
enhanced in all plants, leading to an elevation of NPQ. PSII turnover
was lowered across all CO2 concentrations in the mutant lines
whereas PSI turnover only fell significantly at the lowest CO2

concentrations. The increased NPQ was not however sufficient to
protect the knockout lines from photoinhibition at low CO2, which
was largely absent in the wildtype but substantial in the mutant lines.
The observation that PSII turnover is lowered without there being a
concomitant reduction in PSI turnover is consistent with PSI centres
becoming uncoupled from PSII but being able to maintain their
turnover as they switch to the cyclic pathway. This might reflect their
location in the thylakoid membrane, e.g. a migration from granal to
stromal membranes.

The relationship between PSII ETR and the rate of PSI turnover
across a range of CO2 concentrations is very similar in all plants
(Fig. 10), however this does not mean that the absolute rate of cyclic
electron transport is the same in all plants. The two knockout lines had
an overall lower concentration of active PSI, so that the absolute rate of
cyclic flow would have been lower. Nevertheless, in all cases, the rate
of PSI turnover was largely maintained as PSII ETR fell, implying that
cyclic flow was increasing in all cases.

In this study we had largely treated the two knockout lines as
simply being reduced in PSI content, however this is probably a
simplification as they do differ in the remaining content of PSI. Loss of
PSI-D has been shown to result in a net loss of the core PSI complex,
however this is not the case for mutants lacking PSI-E. Indeed, plants
lacking both genes encoding PSI-E are able to grow autotrophically,
albeit at a highly reduced rate [12]. The differences we see between
the two lines (e.g. the flash-induced fluorescence quenching seen in
Fig. 1) are probably explained as being due to there being a more
severe loss of PSI activity in the psad1-1 line than in psae1-3. We
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cannot exclude that the remaining PSI centres in psae1-3 do not have
altered functionality, rather than simply impaired activity, however
we have no evidence to indicate that this is the case. Further
confirmation of this might come from examination of other mutants
e.g. suppressed in core PSI polypeptides.

In conclusion, the data we have presented here suggest that there
is no simple equilibrium between PSII and PSI, but rather that a
proportion of PSI exists that is not readily reduced by PSII. Furthermore
we suggest that cyclic electron flow tends to out-compete linear flow
under conditions where PSI is limiting.
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