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Having long been debated, it is only in the last few years that a concensus has emerged that the cyclic flow of
electrons around Photosystem I plays an important and general role in the photosynthesis of higher plants.
Two major pathways of cyclic flow have been identified, involving either a complex termed NDH or mediated
via a pathway involving a protein PGR5 and two functions have been described—to generate ATP and to
provide a pH gradient inducing non-photochemical quenching. The best evidence for the occurrence of the
two pathways comes from measurements under stress conditions—high light, drought and extreme
temperatures. In this review, the possible relative functions and importance of the two pathways is discussed
as well as evidence as to how the flow through these pathways is regulated. Our growing knowledge of the
proteins involved in cyclic electron flow will, in the future, enable us to understand better the occurrence and
diversity of cyclic electron transport pathways. This article is part of a Special Issue entitled: Regulation of
Electron Transport in Chloroplasts.
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stocyanin; PSI, photosystem I;
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1. Introduction

The concept of there being a cyclic flow of electrons involving only
a single photosystem can be dated back to some of the earliest work
on photosynthetic electron transport [1,2]. It is only in the last 10
years, however, that a consensus has grown up that this is actually a
physiological process (see [3] for a discussion). Even now, details of
the pathway involved in this electron flow remain obscure. Never-
theless, we are beginning to develop a view of how cyclic transport
works and more importantly of the conditions under which it occurs
and the role it plays in the physiology of the plant. It is not the
intention of this review to give a comprehensive account of the
history of research into cyclic flow—the reader is referred to other
reviews for that [3–5]. Rather it is my intention in this short review to
examine recent work examining how cyclic flow may function in vivo
and in particular what roles it might fulfil under different conditions.

At least two distinct pathways and two major functions of cyclic
flow have been suggested for higher plants. The recognised pathways
have often been referred to as the ferredoxin-dependent (or some-
times FQR) and NADPH-dependent pathways, to reflect the proposed
reducing agent re-injecting electrons into the electron transport chain.
Recent data have, however, thrown doubt on this distinction, with
both pathways appearing to direct involve ferredoxin (T. Shikanai,
personal communication), and so these will be referred to as the PGR5
and the NDH pathways respectively. Functioning of either of these
pathways is suggested to result in the generation of a pH gradient
across the thylakoid membrane (ΔpH) which in turn drives the
synthesis of ATP and which also may function to regulate
light harvesting, by inducing high energy state quenching (qE) [6].
Recently, however, it has been proposed that a high rate of cyclic flow
might occur in an uncoupled manner [7]. If this is the case, a third
function (possibly using a third pathway) maybe directly to dissipate
energy absorbed by Photosystem (PS) I.

A major hurdle limiting our understanding of cyclic electron
transport has been the difficulty of measuring a pathway that does not
result in a new flux. Various approaches have been used, in particular
techniques examining electron flow in the absence of PSII turnover
(either due to the use of light in the far red, which is only weakly
absorbed by PSII or by addition of PSII inhibitors), measuring the
oxidation (or lack of oxidation) and re-reduction of the PSI primary
donor, P700. The generation of an electrochemical gradient under
such conditions is an indicator of cyclic flow generating a proton
motive force. Measurements of a transient rise in chlorophyll
fluorescence following a short period of illumination have been
used with great effect in identifying mutants lacking components
required for types of cyclic flow [5]. Such approaches are however
only of limited use in addressing the physiology of cyclic flow, as the
flow that they measure is only being seen under non-physiological
conditions. Measurements of steady state fluxes through each of
the two reaction centres are more physiologically relevant but also
have limitations, especially as neither photosystem can be accurately
measured in a totally quantitative way. In this review I will try to
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consider to what extent we can understand the physiology of cyclic
flow, based on the limitations of the methodology currently available
to us.

2. The pathways of cyclic electron flow in higher plants

There is now clear biochemical and spectroscopic evidence for the
occurrence of at least two distinct pathways for cyclic electron
flow being present, to a greater or lesser extent, in higher plants—the
NDH and the PGR5 pathways. It is likely, though not certain, that
these perform distinct roles or are subject to distinct regulation. At
the same time, there is, to some degree at least, redundancy between
them.

The NDH pathway requires the presence of a large, multisubunit
complex which has been known to exist for some years but the full
nature of this is only now becoming clear (see [5] for a review). The
isolation of many different mutants deficient in various subunits has
allowed it to be concluded that this complex is not, in fact, an NADPH-
dependent plastoquinone reductase but rather takes electrons
directly from ferredoxin. This is both exciting, it resolves the long
term problem of the missing or unidentified NADPH binding domain,
but is also perplexing as it eliminates what was thought to be a
distinction from the PGR5 pathway.

The PGR5 dependent pathway of cyclic electron transport remains
much more poorly defined. The isolation of the mutant of Arabidopsis
pgr5 [8] and the subsequent isolation of a second mutant lacking a
different protein, PGRL1 (for PGR5-like 1) [9] indicate clearly that a
previously unknown protein complex exists and that in the absence of
that complex redox poising of electron transport is perturbed and
cyclic electron transport suppressed. Data from Nandha and co-
workers [10] have indicated that plants lacking PGR5 are still capable
of cyclic electron flow, indicating that PGR5 is not an essential co-
factor for cyclic flow. Similar conclusions were reached for PGRL1 [9].
In both cases, however, there is a clear suppression of cyclic flow.
In the mutants, electron carriers between photosystems I and II are
found to be reduced under high light conditions [9,10]. This contrasts
with wild type plants, where increasing light results in an increasing
degree of oxidation of electron carriers after the plastoquinone pool,
with plastoquinol oxidation by the cytochrome b6f complex being the
effective slowest step in electron transport [11,12]. Early work
indicated that redox poising of electron transport is essential to
efficient cyclic flow with over reduction or oxidation of the electron
transport chain being inhibitory [13–15]. Thus, it seems likely that it is
the role of the PGR5/PGRL1 complex in regulating redox poise that
gives rise to its effect on cyclic flow. Work from Hald et al. [16] has
indicted that the cytochrome b6f complex is regulated in response to
NADP/H redox state and it maybe this regulation that is failing in pgr5
and pgrl1 mutants.

Based on in vitro work, it seems probable that the PGR5 pathway
of cyclic flow involves electron transfer from ferredoxin to plasto-
quinone. In higher plants, this process is characterised as being
sensitive to the inhibitor antimycin A [17]. In mitochondria, anti-
mycin A is known to bind to and block the quinone binding site QN

on the cytochrome bc complex and this was originally supposed to
explain its action in chloroplasts. However the subsequent observa-
tion that the equivalent site in the cytochrome b6f complex is
insensitive to antimycin A lead to proposal that there must be a
distinct, antimycin A sensitive, ferredoxin quinone oxidoreductase
(FQR) in the chloroplast [18]. No biochemical evidence for such a
complex exists. It is also the case that the effect of antimycin A
on cyclic flow may not result from its binding to a quinone site.
Antimycin A has multiple effects on components of the photosyn-
thetic apparatus, including inhibiting non-photochemical quenching
by interfering with the aggregation of LHCII [19]. The effect of
antimycin A on cyclic flowmay therefore be a result of a similar effect,
e.g. interfering with the formation of complexes involving cyto-
chrome b6f. Most current research suggests that cyclic flow is
mediated via the cytochrome b6f complex.

The observation that the cytochrome b6f complex contains an
additional c-type haem compared to the cytochrome bc complex [20]
has lead to the idea that this cytochrome c′maybe required tomediate
cyclic flow [5]. This is an attractive idea, that explains the presence of
this additional haem, however direct experimental evidence for this is
still required.

The enzyme ferredoxin NADP reductase (FNR) has been suggested
to be bound to the stromal side of the cytochrome b6f complex in a
stoichiometric manner [21]. This is suggested to provide a possible
docking site for ferredoxin and possibly to mediate electron flow to
plastoquinone, via the cytochrome c′ and/or b. Nevertheless, direct
evidence for this role is still lacking. Breyton et al. [22] examined
the distribution of FNR and binding to the thylakoid membrane,
under conditions favouring or disfavouring cyclic flow, and found no
evidence for changes in the distribution of FNR. Indeed FNR was seen
to bind tomany different membrane complexes, opening the question
of how specific FNR binding to membrane complexes is. A rhodonase
like protein, TROL has been described as specifically binding FNR to
themembrane and plants lacking TROL are impaired in linear electron
transport at high light [23]. Measurements of cyclic electron flow
were reported for this mutant, suggesting no change and the obser-
vation that NPQ is enhanced would tend against a role in cyclic
electron flow. It has also been suggested that FNR binds directly to the
lipid phase of the membrane [24] and even that this is able to reduce
quinones [25], offering the possibility that FNR alone could act as an
FQR. The physiological relevance of these observations remains to be
confirmed. Regardless of whether FNR has a direct role in cyclic flow,
alterations in the distribution of the protein in the cell or in its activity
may play a role in regulating the partitioning of electrons between
different electron transport pathways.

In addition to the above, widely recognised cyclic pathways, it has
been proposed by Laisk and co-workers that a high rate of cyclic flow
may occur under some conditions that is not coupled to the gen-
eration of aΔpH [7]. This pathway is tentatively suggested to occur via
a short circuiting of normal electron flow, e.g. electron transfer from
cytochrome c′ to cytochrome f, perhaps via the two b haems and
the rieske FeS complex. Such a pathway would not involve PQH2
generation and so would not generate a pH gradient.
3. Cyclic electron transport as a source of ATP

Early work in the field of photosynthesis research referred to
cyclic and linear photophosphorylation [1,26,27], and these two
distinct sources of ATP are often still discussed in undergraduate
textbooks. The evidence supporting a role for cyclic transport in being
required to generate ATP in higher plants remains mixed. This may
in part be because of the continuing difficulty in actually directly
measuring cyclic fluxes. Many methods for the occurrence of cyclic
flow are indirect and do not measure under conditions that are
relevant to physiology. For example, measurements using far red
light or in leaves infiltrated with PSII inhibitors provide valuable
information about the possibility and the mechanisms of cyclic flow,
but do not actually show that it is occurring in competition with
linear flow. For this, evidence is required under steady state
conditions using light sources that are relevant to (if not identical
to) those found in nature. Under such light conditions, evidence for
cyclic flow can come from comparing rates of PSII and PSI turnover. If
there is a variation in the relative rates of cyclic and linear flow then
the ratio of PSI:PSII turnover should vary. Generally, the data available
indicate that under low light conditions there is a linear relationship
between PSI and PSII turnover, implying either that cyclic flow does
not occur at low light, or that it forms a constant proportion of linear
electron transport e.g. Ref. [28].
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Much of the argument for a role of cyclic electron transport in
generating ATP has focused on the stoichiometry of NADPH to ATP
synthesis during linear flow and whether these match the require-
ments of CO2 fixation. Firstly the proton pumping efficiency of the
cytochrome b6f complex (i.e. the Q-cycle) and more recently the H+/
ATP required by the thylakoid ATPase have been subject to scrutiny
and the reader is referred to Ref. [29] for further discussion of
this point. To some extent, however, these arguments are futile.
Photosynthetic electron transport is not simply and tightly coupled to
the Benson–Calvin cyclic. Rather, many different metabolic pathways,
with different requirements for ATP and reducing equivalents,
compete with each other. At the same time, there is a growing
recognition that the chloroplast is not energetically isolated within
the cell. Both reducing equivalents and ATP maybe directly or
indirectly transferred across the chloroplast envelope, in either
direction, as determined by the requirements of cellular metabolism.
If an obligate role for ATP generation during photosynthesis exists,
then it would be predicted that the relative rates of cyclic and linear
flow should be constant and so the rates of PSI and PSII turnover
linearly related. Under low light conditions, this is generally seen,
however there is no way to distinguish no cyclic flow from an obligate
proportion of cyclic flow [30–32].

The most widely cited example where cyclic flow is probably
important in generating ATP is in the bundle sheath of C4 plant. In
C4 plants, CO2 is fixed in the mesophyll to form a C4 sugar, malate,
which is then transferred to the bundle sheath where it is
decarboxylated to release CO2 for fixation by Rubisco. Mesophyll
chloroplasts contain similar amounts of PSI and PSII implying that
linear electron flow predominates to produce NADPH and ATP to
drive C4 CO2 fixation. Decarboxylation in the bundle sheath
produces NADPH at the ratio of one molecule per CO2. This is
thought to lead to an imbalance in the production of NADPH:ATP,
which is rectified through the generation of ATP through cyclic flow.
The evidence that this is the case relates to observation that bundle
sheath chloroplasts generally contain only low concentrations of
PSII (see [33] for a review). At the same time, they have been shown
to contain high concentrations of both PGR5 [34] and subunits of the
NDH complex [34,35] depending on species. Interestingly, NDH
appears to be present in much higher concentrations, relative to
other electron transport components than is the case in C3 leaves or
mesophyll cells of C4 [36]. The NDH complex is often dismissed as
playing a substantial role in cyclic flow in C3 plants, due to its low
concentration (although there can be conditions where this is
important e.g. [37,38]). The elevated concentrations in C4 bundle
sheath strongly suggest that this is important in such cells.

Another case where cyclic flow has been postulated to generate
ATP is in plants growing at very low light. In Arabidopsis, growth at
low light results in leaves having a high PSI:PSII ratio [39]. Natural low
light, caused by shading from other plants, is enriched in far red light.
Far red light is more effective at driving PSI than PSII turnover.
Generating tissues that are preferentially involved in cyclic flow to
generate ATP maybe a way in which cells make the best use of the
light available under such conditions. This has not however been
demonstrated experimentally.

In conclusion, the process of cyclic electron flow certainly can and
probably does result in the generation of ATP. The extent to which
this is a requirement for photosynthesis, in particular for CO2 fixa-
tion, remains open to debate. There is little evidence to support a
substantial cyclic flow at limiting light, unless this is strictly coupled
to linear flow, and so undistinguishable by the methods used. It is
probably not the case that there is a strict coupling of cyclic and linear
flows, certainly no mechanism by which such a coupling might be
achieved is obvious. Nevertheless it is clear that both the synthesis
of ATP and the generation and use of reducing equivalents in the
chloroplast are highly regulated processes and that cyclic electron
flow contributes to that regulation.
4. Cyclic flow to generate ΔpH for high energy state quenching

The concept that cyclic electron flow generates a high ΔpH
required to drive high energy state quenching was first proposed by
Heber and Walker in 1992 [6]. Direct experimental evidence to
support this model did not arrive until some years later. Harbinson
compared the rates of PSI and PSII electron transport under various
light conditions in pea and concluded that they were generally
linearly related [28], however at low CO2 there was some indication of
“excess” PSI turnover at low CO2 [40]. In contrast, Clarke and Johnson
performed similar measurements under various temperature and
light conditions in barley and concluded that cyclic flow increased at
high light and at low temperature [41]. The difference between
these conclusions might be related to the way in which PSI flux was
estimated, a topic that has been subject to some debate (see [3] for
further discussion) however Golding and Johnson [42] used the
approaches of both previous studies and confirmed the occurrence of
cyclic flow at high light, under low CO2 and upon exposure to drought.
This was also confirmed by Miyake in tobacco [43]. Also in tobacco,
Sacksteder and Kramer [32] saw little if any evidence for cyclic
flow across a range of irradiances. The measuring approach they
were using, taking measurements of the decay of the trans thylakoid
potential gradient to indicate fluxes though the ATPase, were different
and this may explain the discrepancy, however this difference may
not reflect technical but, rather, physiological differences—i.e. the
conditions to induce cyclic flow were not achieved. ΔpH dependent
NPQ is induced at irradiances where linear electron flow starts to
become saturated and continues to rise with increasing light, after
PSII turnover is clearly saturated. PSI turnover saturates at a higher
irradiance than PSII, implying that cyclic electron transport occurs.

The pgr5 mutant of Arabidopsis was isolated initially as lacking in
the ability to induce non-photochemical quenching [44]. It was later
shown to lack NPQ due to a lack of ΔpH, and to be inhibited in cyclic
flow [8]. This provides strong evidence that the PGR5 dependent
cyclic pathway plays a substantial role in generating ΔpH for NPQ.
Mutants lacking the NDH complex have not been shown to lack NPQ.

5. Regulation of cyclic electron flow—competition with linear flow
and the need for segregation

Both PSII and cyclic electron flow involve the reduction of
plastoquinone in the thylakoid membrane. Under conditions where
electron flow is limiting (e.g. high light, low CO2) this pool will be
largely reduced, meaning that the relative ability of the two electron
transport pathways to reduce PQ may determine their relative
efficiencies. This poses a problem in that, if cyclic flow is required to
generate additional ΔpH for qE, it will function poorly in competition
with linear flow under conditions where it is most required but where
the PQ pool will be largely reduced. For this reason alone, it is widely
believed that there needs to be segregation of the two pathways,
maintained at some structural level.

In algae, recent exciting work points to the formation of super-
complexes involving PSI, the cytochrome b6f and FNR [45]. At present,
there is no direct experimental evidence for the formation of such
supercomplexes in higher plants [22] although there is some evidence
for an association between the NDH complex and components of PSI
[46]. It may simply be that the evidence has not yet been found,
however there are good reasons for thinking that such complexes may
not be required. A characteristic of higher plants, which is more or less
absent in algae and totally absent in cyanobacteria is the extensive
stacking and tight segregation of functional PSII in the appressed regions
of the membrane. This means that there is always a pool of both PSI and
of cytochrome b6f complex that is physically distant from and therefore
probably functionally isolated from the bulk of PSII [47]. Given that
diffusion of plastoquinone in the thylakoid membrane is highly
restricted, due to the presence of very high protein concentrations, it
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is likely that the PQ pool reduced by PSII is functionally isolated from
cytochrome b6f complexes located in the non-appressed regions of the
membrane [48,49].

Cross talk between the two pathwaysmay also occur at the level of
plastocyanin. There is someevidence that under some conditions there
maybe distinct pools of plastocyanin, based on observations of the
apparent non-equilibrium of cytochrome f, PC and P700, possibly due
to constrictions in the thylakoid lumen preventing free PC diffusion
[50]. Such observations are however confined tomeasurements at low
light or during induction. Measurements at high light and in the
absence CO2, where the electron transport chain is largely oxidised,
showed a consistent equilibration of the high potential chain, implying
free PC diffusion [51]. This is, however, less problematic. Once a pair of
electrons originating from either PSII or ferredoxin has successfully
been injected into the electron transport chain it can be regarded as
committed to one or other pathway. Competition is at the point of
injection and all electrons arriving at PC are essentially equivalent,
probably also regardless of the PSI unit from which they exit. There is
no need to maintain separate PC pools.

The final, possibly most important, point where cyclic-linear
competition must be considered is for the oxidation of ferredoxin.
Ferredoxin may be oxidised by the enzyme FNR to produce NADPH or
may supply electrons directly to other metabolic pathways. These will
all compete with the reduction of PQ in the cyclic pathway. Is there
therefore a need for a strict segregation of cyclic electron transport
components from stromal reactions? Iwould argue that there is not and
that, indeed, experimental evidence suggests that free competition for
ferredoxin oxidationmaybe amajor site for the regulation of cyclicflow.

Experiments measuring the rate of oxidation of P700 by far red
light, or the reduction of P700 following far red light have beenwidely
used as indicators of cyclic electron flow. Such measurements do not
give information about how cyclic flow operates under steady state
conditions as they eliminate the competition from PSII and linear
flow. They do however give information on the fate of electrons that
reach the PSI acceptor pool under different conditions. For example,
P700 oxidation by far red light is observed to be slow in leaves that
have been dark adapted, increase under conditions favouring CO2

fixation (high light and CO2) and to decrease under conditions where
CO2 fixation is limited (low CO2) [22,52,53]. Such observations lead to
the conclusion that competition for the oxidation of ferredoxin is the
major control point for cyclic vs. linear electron flow. Plants in which
electron flow is limited by lowering the activity of PSI are still able to
maintain a significant rate of cyclic electron flow, suggesting that
electrons are partitioned between linear and cyclic pathways after PSI
[54]. In contrast, plants overexpressing ferredoxin have been shown
to have increased capacity for cyclic flow, leading to the suggestion
that it is the concentration of ferredoxin that limits cyclic flow [55].
Given that ferredoxin is the last common intermediate in all pathways
of chloroplast electron transport, it is certain that its fate will play a
major role in determining the extent of cyclic flow.

Regardless of whether it is directly involved in cyclic electron
transport, FNR features as a possible regulatory point in the parti-
tioning of electrons to different pathways [22]. Electrons are injected
into the cyclic pathway directly from ferredoxin and the reactions
involved occur in competition with reduction of NADP by FNR. The
activity of the Benson Calvin cycle is highly regulated and there is
some evidence that FNR is the first regulated step [56]. Thus, FNR
activity could affect distribution of electrons between linear and cyclic
flow. If FNR is directly involved in cyclic flow, either bound to PSI,
cytochrome b6f or elsewhere, then the extent of that binding may act
as a regulatory step, although there is no experimental evidence of
this being the case in plants [22]. Even if direct binding to PSI or
cytochrome b6f is not required for electron transport, binding to
membranes may play a role in regulating the activity of FNR. This
binding may be modulated depending on physiological conditions.
Moolna and Bowsher [57] examined the properties of different
isoforms of FNR in wheat. Most species contain at least two genes
for photosynthetic FNR, with different pK's. The relative binding of
each isoform to the membrane may vary depending on the pH of
the stroma, which will in turn vary in a light and stress dependent
manner. Relative concentrations of the two isoforms varied with
growth conditions and developmental stage. FNR isoforms are
also subject to post-translational modification, in particular cleavage
of N-terminal sequences, which alter membrane binding properties
[57,58]. Such mechanisms open the possibility of both long term
(acclimative) and short term (regulatory) changes in cyclic electron
flow. Such regulation remains however highly speculative.

Evidence for a role of stromal redox poising in controlling the
relative flows through cyclic and linear pathways comes from exam-
ination of different mutants with impairments in Calvin cycle
enzymes. Plants lacking glyceraldehyde-3-phosphate dehydrogenase
[16,59], fructose-1,6-bisphosphatase [38] or Rubisco [59] show
elevated non-photochemical quenching at low (i.e. sub saturating)
light, suggesting that cyclic electron transport has increased. Living-
ston et al. [59] reported however that plants lacking Rubisco did not
show elevated cyclic flow. In contrast, plants with reduced levels of
FNR do not show an elevation of NPQ at low light, although they do
at saturating irradiances [16]. The significance of these different
responses remains to be elucidated.

What is clear is that cyclic electron flow tends to increase under
conditions where CO2 fixation is limited, either due to low CO2

concentrations in the leaf or suppression of enzyme activity. Under
such conditions, the concentrations of NADPH and ATP will tend to rise.
This is accompanied by a feedback inhibition of the cytochrome b6f
complex which results in oxidation of the high potential portion of the
electron transport chain (Cyt f, PC and P700) and reduction of the
plastoquinone pool [16]. Reduced PSI acceptors (ferredoxin or NADPH)
are then able to reduce the high potential chain, via whatever pathway.
Since the pool of PQ associated with PSII will be largely reduced under
such conditions, it is plausible to suppose that a distinct PQpool, isolated
by diffusion limitation [48,49] and associated with cytochrome b6f
complexes in non-appressed regions of the membrane takes electrons
into a (more or less) common pool of plastocyanin and P700 (Fig. 1).

6. Adaptation and acclimation of cyclic electron transport

Adaptation refers to genetically determined differences seen
between plants from different environments. The term acclimation
relates to changes in the composition of tissues in response to changes
in conditions whether this be during development or dynamically in
response to changes in the environment. Importantly, in talking about
acclimation we need to be clear that we are discussing changes in
phenotype resulting ultimately from changes in the protein content
of the leaf. This is different to rapid regulatory responses, e.g. the
induction of cyclic flow or of NPQ, which do not require changes in
gene expression. By examining how the capacity for cyclic flow varies
in different plant material depending on provenance or growth
conditions, occurrence of mutations or exposure to stress we might
learn something about the physiological function of the processes
involved. Given the difficulty of accurately quantifying cyclic flow, it is
difficult to establish for certain whether a particular phenotype is
associated with a change in the capacity for cyclic flow or simply an
increase in the degree to which it is active. However, where proteins
(especially PGR5 and subunits of the NDH complex) have been
identified as involved then we can ask the question of whether these
vary between plant materials.

There is evidence that proteins involved in cyclic flow are present
from early on in development. Plants lacking either PGR5 or the NDH
complex develop normally and are largely indistinguishable from wild
type plants [8,60]. Double mutants, lacking both complexes, do not
however grow normally, perhaps suggesting a role at an early stage in
leaf development [61]. RecentlyOkegawa and colleagues [62] examined
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Fig. 1. Model of possible interactions between linear and cyclic electron transport
pathways. Electrons flowing into a plastoquinone pool from Photosystem II reduce
cytochrome b6 f complexes in the appressed regions of the thylakoid membrane. These
flow via plastocyanin to PSI and from there to ferredoxin. Reduced ferredoxin can
reduce NADP, via FNR or can feed electrons to a plastoquinone pool in the stromal
lamellae via either a PGR5 dependent pathway or an NDH dependent pathway.
Reduced PQ then reduces cytochrome b6 f complexes in non-appressed membrane
regions. This in turn reduces plastocyanin and PSI. Plastoquinone in the stacked and
unstacked regions represent isolated pools due to restricted diffusion in the membrane.
Plastocyanin is able to move more or less freely in the thylakoid lumen and exists in
equilibrium with P700 and cytochrome f. Partitioning of electrons between linear and
cyclic pathways occurs at the step of ferredoxin oxidation only.
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the development of plants lacking either or both pathways in
combination with a lack of the plastid terminal oxidase (immutans), a
plastoquinone oxygen oxidoreductase and showed that the phenotype
of plants lacking immutans was suppressed in plants lacking PGR5 and
to a lesser extent NDH. The growth phenotype in plants lacking both
cyclic pathwayswas however suppressed if immutanswas alsomissing.
These results suggest that the redox poising of the PQ pool plays an
essential role in chloroplast development.

There have been a few reports of environmental conditions that
cause an induction of components associated with cyclic flow in
Arabidopsis. For example, exposure to drought and heat has been
observed to induce expression or activity of both PGR5 and NDH
subunits. Given that such stresses have been reported to increase
cyclic electron flow, up regulation of these proteins may make sense.
There is no clear evidence, however, that increases in PGR5 message
levels or PGR5 protein will actually give rise to increased cyclic flow.
Indeed, overexpression would suggest otherwise [63], although this
study was conducted before it became apparent that PGR5 does not
act alone but in a complex along with PRGL1.

Perhaps the most informative comparisons may come from
identifying situations where one complex or pathway or the other
is up-regulated alone. We still have very little idea as to why
two pathways exist and indeed it is generally argued that the NDH
pathway has only a very small capacity relative to linear flow.
Nevertheless a number of observations have emerged to indicate that
this complex can be significant under some conditions. For example,
plants lacking fructose-1,6-bisphosphotase show increased expres-
sion of NDH [38], suggesting that the conditions favouring this
complex occur in such plants. Ibanez et al. [64] reported an increase in
NDH induced by stress in both a sun tolerant species Chrysanthemum
morifolium and a shade plant Spathiphyllum wallisii. Only the former
increased PGR5 in response to stress and also contained more PGR5
under non-stress conditions. Such comparative approaches, combined
with functional measurements, have significant potential to inform us
as to the relative roles and importance of the two cyclic pathways
(and indeed of chlororespiratory process that may be occurring).

7. Conclusion

It is now clear that cyclic electron flow, long debated and often
doubted is real and important in higher plants. The coming years will
no doubt throw up new and much more detailed evidence as to how
this pathway functions and which polypeptides and co-factors are
required. It will also no doubt lead to extensive continued debate as to
the relative importance of different proteins and probably even as to
whether certain pathways exist at all. It should be remembered, when
taking part in such debates, that nature is not simple and clean and
does not always come up with the same answer. Just because tobacco
contains only trace amounts of the NDH complex, for example, this
can not be extrapolated to different species of the same genus, let
alone to different genera or families. Plant physiologists, especially
ecophysiologists, have long recognised that the differences between
species are far more important than looking for a single answer to a
simple question. A particular pathway may be dominant in one
species but largely or totally absent in another and understanding this
in the context of the ecology of the plants concerned will give us
powerful insights into the roles of limitations of different pathways.
Recent advances in high throughput sequencing and quantitative
proteomics will mean that we will be able to gain detailed molecular
insights into a much broader range of species in the future, however a
true understanding of cyclic electron flow, or of any other physiolog-
ical process, will only be possible if research is lead by an appreciation
of the physiology and ecology of the plants concerned.

References

[1] F.R. Whatley, M.B. Allen, D.I. Arnon, Photosynthesis by isolated chloroplasts. VII.
Vitamin K and Riboflavin Phosphate as cofactors of cyclic photophosphorylation,
Biochem. Biophys. Acta 32 (1959) 32–46.

[2] D.I. Arnon, H.Y. Tsujimoto, B.D. McSwain, Photosynthetic phosphorylation and
electron transport, Nature 207 (1965) 1367–1372.

[3] G.N. Johnson, Cyclic electron transport in C-3 plants: fact or artefact? J. Exp. Bot. 56
(2005) 407–416.

[4] JoliotP. , JohnsonG.N. , JoliotA. , Cyclic electron transport around Photosystem I, in:
G. J. (Ed.), Photosystem I: the light-driven plastocyanin: ferredoxin oxidoreduc-
tase, vol. 24, Springer, Dordrecht, 2004, pp. 639–656.

[5] T. Shikanai, Cyclic electron transport around Photosystem I: genetic approaches,
Annu. Rev. Plant Biol. 58 (2007) 199–217.

[6] U. Heber, D. Walker, Concerning a dual function of coupled cyclic electron-
transport in leaves, Plant Physiol. 100 (1992) 1621–1626.

[7] A. Laisk, E. Talts, V. Oja, H. Eichelmann, R.B. Peterson, Fast cyclic electron transport
around photosystem I in leaves under far-red light: a proton-uncoupled pathway?
Photosynth. Res. 103 (2010) 79–95.

[8] Y. Munekage, M. Hojo, J. Meurer, T. Endo, M. Tasaka, T. Shikanai, PGR5 is involved
in cyclic electron flow around photosystem I and is essential for photoprotection
in Arabidopsis, Cell 110 (2002) 361–371.

[9] G. DalCorso, P. Pesaresi, S. Masiero, E. Aseeva, D.S. Nemann, G. Finazzi, P. Joliot, R.
Barbato, D. Leister, A complex containing PGRL1 and PGR5 is involved in the
switch between linear and cyclic electron flow in Arabidopsis, Cell 132 (2008)
273–285.

[10] B. Nandha, G. Finazzi, P. Joliot, S. Hald, G.N. Johnson, The role of PGR5 in the redox
poising of photosynthetic electron transport, Biochim. Biophys. Acta Bioenerg.
1762 (2007) 1252–1259.

[11] T. Ott, J. Clarke, K. Birks, G. Johnson, Regulation of the photosynthetic electron
transport chain, Planta 209 (1999) 250–258.

[12] J. Harbinson, F.I. Woodward, The use of light-induced absorbency changes at 820
nm tomonitor the oxidation-state of P-700 in leaves, Plant Cell Environ. 10 (1987)
131–140.

[13] D.I. Arnon, H.Y. Tsujimoto, B.D. McSwain, Role of ferredoxin in photosynthetic
production of oxygen and phosphorylation by chloroplasts, Proc. Natl Acad. Sci.
USA 51 (1964) 1274–1282.

[14] B. Ivanov, Y. Kobayashi, N.G. Bukhov, U. Heber, Photosystem I-dependent cyclic
electron flow in intact spinach chloroplasts: occurrence, dependence on redox
conditions and electron acceptors and inhibition by antimycin A, Photosynth. Res.
57 (1998) 61–70.

[15] J.F. Allen, Photosynthesis of ATP—electrons, proton pumps, rotors, and poise, Cell
110 (2002) 273–276.

[16] S. Hald, B. Nandha, P. Gallois, G.N. Johnson, Feedback regulation of photosynthetic
electron transport by NADP(H) redox poise, Biochim. Biophys. Acta 1777 (2008)
433–440.



389G.N. Johnson / Biochimica et Biophysica Acta 1807 (2011) 384–389
[17] K. Tagawa, H.Y. Tsujimoto, D.I. Arnon, Role of chloroplast ferredoxin in the energy
conversion process of photosynthesis, Proc. Natl. Acad. Sci. Biochem. 49 (1963)
567–572.

[18] D.A. Moss, D.S. Bendall, Cyclic electron-transport in chloroplasts—the Q-cycle and
the site of action of antimycin, Biochim. Biophys. Acta 767 (1984) 389–395.

[19] P. Horton, A.V. Ruban, D. Rees, A.A. Pascal, G. Noctor, A.J. Young, Control of the
light-harvesting function of chloroplast membranes by aggregation of the lhcii
chlorophyll protein complex, FEBS Lett. 292 (1991) 1–4.

[20] D. Stroebel, Y. Choquet, J.L. Popot, D. Picot, An atypical haem in the cytochrome b
(6)f complex, Nature 426 (2003) 413–418.

[21] H.M. Zhang, J.P. Whitelegge, W.A. Cramer, Ferredoxin : NADP(+) oxidoreductase
is a subunit of the chloroplast cytochrome b(6)f complex, J. Biol. Chem. 276
(2001) 38159–38165.

[22] C. Breyton, B. Nandha, G.N. Johnson, P. Joliot, G. Finazzi, Redox modulation of
cyclic electron flow around photosystem I in C3 plants, Biochemistry 45 (2006)
13465–13475.

[23] S. Juric, K. Hazler-Pilepic, A. Tomasic, H. Lepedus, B. Jelicic, S. Puthiyaveetil, T.
Bionda, L. Vojta, J.F. Allen, E. Schleiff, H. Fulgosi, Tethering of ferredoxin:NADP plus
oxidoreductase to thylakoid membranes is mediated by novel chloroplast protein
TROL, Plant J. 60 (2009) 783–794.

[24] J. Grzyb, M. Gagos, W.I. Gruszecki, M. Bojko, K. Strzalka, Interaction of ferredoxin:
NADP(+) oxidoreductase with model membranes, Biochim. Biophys. Acta
Biomembr. 1778 (2008) 133–142.

[25] M. Bojko, J. Kruk, S. Wieckowski, Plastoquinones are effectively reduced by
ferredoxin: NADP + oxidoreductase in the presence of sodium cholate micelles.
Significance for cyclic electron transport and chlororespiration, Phytochemistry
64 (2003) 1055–1060.

[26] SchürmannP. , BuchananB.B. , ArnonD.I. , Role of cyclic photophosphorylation in
photosynthetic carbon dioxide assimilation by isolated chloroplasts, Biochim.
Biophys. Acta 267 (1971) 111–124.

[27] B.R. Grant, F.R. Whatley, Some factors affecting the onset of cyclic photophos-
phorylation, in: T.W. Goodwin (Ed.), Biochemistry of Chloroplasts, vol. 2,
Academic Press, New York, 1967, pp. 505–511.

[28] B. Genty, J. Harbinson, N.R. Baker, Relative quantum efficiencies of the 2
photosystems of leaves in photorespiratory and nonphotorespiratory conditions,
Plant Physiol. Biochem. 28 (1990) 1–10.

[29] J.F. Allen, Cyclic, pseudocyclic and noncyclic photophosphorylation: new links in
the chain, Trends Plant Sci. 8 (2003) 15–19.

[30] J. Harbinson, B. Genty, N.R. Baker, Relationship between the quantum efficiencies of
photosystem-I andphotosystem-II in pea leaves, Plant Physiol. 90 (1989) 1029–1034.

[31] C. Klughammer, U. Schreiber, An improved method, using saturating light-pulses,
for the determination of photosystem-I quantum yield via P700 +—absorbency
changes at 830 Nm, Planta 192 (1994) 261–268.

[32] C.A. Sacksteder, D.M. Kramer, Dark-interval relaxation kinetics (DIRK) of
absorbance changes as a quantitative probe of steady-state electron transfer,
Photosynth. Res. 66 (2000) 145–158.

[33] W. Majeran, K.J. van Wijk, Cell-type-specific differentiation of chloroplasts in C4
plants, Trends Plant Sci. 14 (2009) 100–109.

[34] Y.N. Munekage, F. Eymery, D. Rumeau, S. Cuine, M. Oguri, N. Nakamura, A. Yokota,
B. Genty, G. Peltier, Elevated expression of PGR5 and NDH-H in bundle sheath
chloroplasts in C-4 flaveria species, Plant Cell Physiol. 51 (2010) 664–668.

[35] A. Takabayashi, M. Kishine, K. Asada, T. Endo, F. Sato, Differential use of two cyclic
electron flows around photosystem I for driving CO2-concentrationmechanism in
C-4 photosynthesis, Proc. Natl Acad. Sci. USA 102 (2005) 16898–16903.

[36] W. Majeran, B. Zybailov, A.J. Ytterberg, J. Dunsmore, Q. Sun, K.J. van Wijk,
Consequences of C-4 differentiation for chloroplast membrane proteomes in maize
mesophyll and bundle sheath cells, Mol. Cell. Proteomics 7 (2008) 1609–1638.

[37] T. Joët, L. Cournac, G. Peltier, M. Havaux, Cyclic electron flow around
photosystem I in C-3 plants. In vivo control by the redox state of chloroplasts
and involvement of the NADH–dehydrogenase complex, Plant Physiol. 128
(2002) 760–769.

[38] A.K. Livingston, J.A. Cruz, K. Kohzuma, A. Dhingra, D.M. Kramer, An arabidopsis
mutant with high cyclic electron flow around photosystem I (hcef) involving the
NADPH dehydrogenase complex, Plant Cell 22 (2010) 221–233.

[39] S. Bailey, R.G. Walters, S. Jansson, P. Horton, Acclimation of Arabidopsis thaliana to
the light environment: the existence of separate low light and high light
responses, Planta 213 (2001) 794–801.

[40] J. Harbinson, C.H. Foyer, Relationships between the efficiencies of photosystem-I
and photosystem-II and stromal redox state in Co2-free air—evidence for cyclic
electron flow invivo, Plant Physiol. 97 (1991) 41–49.
[41] J.E. Clarke, G.N. Johnson, In vivo temperature dependence of cyclic and
pseudocyclic electron transport in barley, Planta 212 (2001) 808–816.

[42] A.J. Golding, G.N. Johnson, Down-regulation of linear and activation of cyclic
electron transport during drought, Planta 218 (2003) 107–114.

[43] A. Makino, C. Miyake, A. Yokota, Physiological functions of the water-water cycle
(Mehler reaction) and the cyclic electron flow around PSI in rice leaves, Plant Cell
Physiol. 43 (2002) 1017–1026.

[44] T. Shikanai, Y. Munekage, K. Shimizu, T. Endo, T. Hashimoto, Identification and
characterization of Arabidopsis mutants with reduced quenching of chlorophyll
fluorescence, Plant Cell Physiol. 40 (1999) 1134–1142.

[45] M. Iwai, K. Takizawa, R. Tokutsu, A. Okamuro, Y. Takahashi, J. Minagawa, Isolation
of the elusive supercomplex that drives cyclic electron flow in photosynthesis,
Nature 464 (2010) 1210-U1134.

[46] L.W. Peng, Y. Fukao, M. Fujiwara, T. Takami, T. Shikanai, Efficient operation of NAD
(P)H dehydrogenase requires supercomplex formation with photosystem I via
minor LHCI in Arabidopsis, Plant Cell 21 (2009) 3623–3640.

[47] P.-A. Albertsson, A quantitative model of the domain structure of the
photosynthetic membrane, Trends Plant Sci. 6 (2001) 349–354.

[48] I.G. Tremmel, H. Kirchhoff, E. Weis, G.D. Farquhar, Dependence of plastoquinol
diffusion on the shape, size, and density of integral thylakoid proteins, Biochim.
Biophys. Acta Bioenerg. 1607 (2003) 97–109.

[49] H. Kirchhoff, S. Horstmann, E. Weis, Control of the photosynthetic electron
transport by PQ diffusion microdomains in thylakoids of higher plants, Biochim.
Biophys. Acta 1459 (2000) 148–168.

[50] H. Kirchhoff, M.A. Schottler, J. Maurer, E. Weis, Plastocyanin redox kinetics in
spinach chloroplasts: evidence for disequilibrium in the high potential chain,
Biochim. Biophys. Acta Bioenerg. 1659 (2004) 63–72.

[51] A.J. Golding, P. Joliot, G.N. Johnson, Equilibration between cytochrome f and P700
in intact leaves, Biochim. Biophys. Acta Bioenerg. 1706 (2005) 105–109.

[52] P. Joliot, A. Joliot, Cyclic electron flow in C3 plants, Biochim. Biophys. Acta
Bioenerg. 1757 (2006) 362–368.

[53] P. Joliot, D. Beal, A. Joliot, Cyclic electron flow under saturating excitation of dark-
adapted Arabidopsis leaves, Biochim. Biophys. Acta 1656 (2004) 166–176.

[54] S. Hald, M. Pribil, D. Leister, P. Gallois, G.N. Johnson, Competition between linear
and cyclic electron flow in plants deficient in Photosystem I, Biochim. Biophys.
Acta 1777 (2008) 1173–1183.

[55] H. Yamamoto, H. Kato, Y. Shinzaki, S. Horiguchi, T. Shikanai, T. Hase, T. Endo, M.
Nishioka, A. Makino, K. Tomizawa, C. Miyake, Ferredoxin limits cyclic electron
flow around PSI (CEF-PSI) in higher plants-stimulation of CEF-PSI enhances non-
photochemical quenching of Chl fluorescence in transplastomic tobacco, Plant
Cell Physiol. 47 (2006) 1355–1371.

[56] E. Talts, V. Oja, H. Ramma, B. Rasulov, A. Anijalg, A. Laisk, Dark inactivation of
ferredoxin-NADP reductase and cyclic electron flow under far-red light in
sunflower leaves, Photosynth. Res. 94 (2007) 109–120.

[57] A. Moolna, C.G. Bowsher, The physiological importance of photosynthetic
ferredoxin NADP(+) oxidoreductase (FNR) isoforms in wheat, J. Exp. Bot. 61
(2010) 2669–2681.

[58] J.O. Gummadova, G.J. Fletcher, A. Moolna, G.T. Hanke, T. Hase, C.G. Bowsher,
Expression of multiple forms of ferredoxin NADP(+) oxidoreductase in wheat
leaves, J. Exp. Bot. 58 (2007) 3971–3985.

[59] A.K. Livingston, A. Kanazawa, J.A. Cruz, D. Kramer. Regulation of cyclic electron
flow in C3 plants: differential effects of limiting photosynthesis at ribulose-1.5-
bisphosphate carboxylase/oxygenase and glyceraldehyde-3-phosphate dehydro-
genase, Plant Cell Environ. 33 (2010) 1779–1788.

[60] P.A. Burrows, L.A. Sazanov, Z. Svab, P. Maliga, P.J. Nixon, Identification of a
functional respiratory complex in chloroplasts through analysis of
tobacco mutants containing disrupted plastid ndh genes, EMBO J. 17
(1998) 868–876.

[61] Y. Munekage, M. Hashimoto, C. Miyake, K.-I. Tomizawa, T. Endo, M. Tasaka, T.
Shikanai, Cyclic electron flow around photosystem I is essential for photosyn-
thesis, Nature 429 (2004) 579–582.

[62] Y. Okegawa, Y. Kobayashi, T. Shikanai, Physiological links among alternative
electron transport pathways that reduce and oxidize plastoquinone in Arabidop-
sis, Plant J. 63 (2010) 458–468.

[63] Y. Okegawa, T.A. Long, M. Iwano, S. Takayama, Y. Kobayashi, S.F. Covert, T.
Shikanai, A balanced PGR5 level is required for chloroplast development and
optimum operation of cyclic electron transport around photosystem I, Plant Cell
Physiol. 48 (2007) 1462–1471.

[64] H. Ibanez, A. Ballester, R. Munoz, M.J. Quiles, Chlororespiration and tolerance to
drought, heat and high illumination, J. Plant Physiol. 167 (2010) 732–738.


	Physiology of PSI cyclic electron transport in higher plants
	Introduction
	The pathways of cyclic electron flow in higher plants
	Cyclic electron transport as a source of ATP
	Cyclic flow to generate ΔpH for high energy state quenching
	Regulation of cyclic electron flow—competition with linear flow and the need for segregation
	Adaptation and acclimation of cyclic electron transport
	Conclusion
	References


