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The relative contribution of cyclic compared to linear electron flow (LEF) depends on the
redox poise of electron carriers, and is also dependent upon the relative turnovers of the two
photosystems (only photosystem I is involved in cyclic). Although these views have been built on
solid experimental facts gathered over the years ~1963-1987, they have sometimes been overlooked
in the recent literature. In the microalga Chlamydomonas reinhardtii, a PSI-cyt bef supercomplex is
formed when cells are incubated under anaerobic conditions and PSI antenna size is large (state 2),
conditions that are thought to be favorable to cyclic electron flow (CEF). Although a more reductive
poise of the chloroplast and an increase in PSI antenna size would expectedly speed up cyclic
turnovers in limiting light, the role for supercomplex formation in favoring cyclic flow has not yet
been fully demonstrated. Linear and cyclic are indeed concurrent and competing flows, however,
evidence is still lacking that the sequestration of PSI inside a cyclic supercomplex decreases linear
flow.

Introduction

Electron and proton transfer plays a central role in coupling light capture to the chemical
reactions of carbon metabolism. Electrons, originating from charge separation in the photosystems,
are eventually transferred to NADP™' to form NADPH; it is denoted as linear electron flow
(LEF). Protons, coupled to electrons for neutral diffusion through the thylakoid membrane, are
translocated by ATPase for the synthesis of ATP. Carbon metabolism has to keep pace with light
capture and it relies on an electron transfer feedback loop: cyclic electron flow (CEF) around PSI
(Whatley et al., 1955). In C3 photosynthesis, an upstream limitation bears at the level of rubisco
under limiting CO, (Farquhar et al., 1980). Electrons that cannot be extracted from NADPH to
form G3P are recycled around cytochrome bgf and PSI, contributing to the proton motive force,
pmf. This pmf is used for ATP synthesis and the regeneration of RuBP from G3P with limitation
bearing at the level of SBPase, cytochrome bgf complex and ATPase under non-limiting CO;
(Farquhar et al., 1980; Raines, 2003; Yamori et al., 2011). The lifetime of excited chlorophyll is
also decreased by the ApH component of pmf [qE component of non-photochemical quenching
(Gilmore and Bjorkman, 1995)], thereby limiting the reducing pressure of the photosystems. In
high light, nonetheless, electrons accumulate in the plastoquinone pool, favoring an increase of PSI
antenna size [state transitions (Allen et al., 1981)]. The oxidized form of PSI primary electron donor
P, can accumulate in the light, showing that intersystem electron transfer is limited upstream at
the level of cytochrome bgf activity. This latter limitation, also denoted as “photosynthetic control,”
is pH-dependent (Kok et al., 1969) and induced by CEF (Johnson et al., 2014b) thereby providing a
feed-back down-regulation of linear electron transfer. The proton motive force equilibrates with
the ATP/ADP ratio, as a function of the ATPase coupling factor. The intermeshed nature of
these reactions defy our understanding of the photosynthetic process as a whole, and represents a

Frontiers in Plant Science | www.frontiersin.org 1 July 2015 | Volume 6 | Article 540


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2015.00540
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:jean.alric@cea.fr
http://dx.doi.org/10.3389/fpls.2015.00540
http://journal.frontiersin.org/article/10.3389/fpls.2015.00540/full
http://loop.frontiersin.org/people/233363/overview

Alric

Poise for cyclic electron flow

challenge for future redesigns of photosynthesis, aiming at
minimizing wasteful reactions, whether it is at the level of light
capture, electron/proton transfer or carbon metabolism.

Basic Kinetics and Thermodynamics of
CEF

The Kinetically Limiting Step in CEF is the
Reduction of Plastoquinone

It has been established that the limiting step for CEF is the
reduction of plastoquinone. Maxwell and Biggins wrote < the
rate-limiting step for this pathway must reside between P,
and plastoquinone > (Maxwell and Biggins, 1976), where “P,5,”
referred to the reduced electron acceptors of PSI. This conclusion
was drawn because the P%o reduction rate is much slower in the
presence of DCMU (CEF only) than it is in its absence (mostly
LEF), see also (Alric et al., 2010). It shows that cytochrome bgf is
not limiting for CEF.

Partial Inhibition of PSII Increases CEF

It has been shown quite consistently that the photochemical
action of PSII, decreasing the concentration of oxidized
quinones, diminishes the rate of CEF. It is generally accepted
that LEF and CEF are in competition with each other. There is
an optimal amount of active PSII for a proper redox poise of
the chain to sustain CEF (e.g., an optimal non-saturating DCMU
concentration, see Tagawa et al, 1963); below this optimal
concentration in active PSII, the concentration in reduced
ferredoxin may become limiting to reduce plastoquinones;
beyond this point oxidized plastoquinones may be lacking to
accept electrons from ferredoxin. The conspicuous role of PSII
in providing a proper redox poise for CEF has been confirmed
in a number of subsequent studies (Avron and Neumann, 1968;
Arnon and Chain, 1975; Mills et al., 1978; Slovacek et al., 1979;
Hosler and Yocum, 1987; Bendall and Manasse, 1995; Allen,
2003).

Role of State Transitions Under Limiting Light

The use of monochromatic actinic light in the spectral region
around 700nm shows that, concurrent to the “red drop” of
LEE a “red rise” of CEF is observed (Arnon et al., 1967). It
again demonstrates that CEF is stimulated when PSI excitation
is favored at the expense of PSII. Another way to rebalance
light excitation between the two photosystems is to play with
state transitions. Under limiting light conditions, State 2 will at
first favor the excitation of PSI compared to PSII, and would
therefore be expected to promote CEF at the expense of LEF.
This initial imbalance is only transitory because state transitions
are essentially a reversible process: they constantly readjust
photosystems antenna sizes as a function of the redox poise
of the PQ pool (Allen et al., 1981). Therefore, under steady
state, this reversible process favors neither CEF at the expense
of LEF nor the otherwise, it just poises the electron input from
the two photosystems so that LEF and CEF are in equilibrium.
Under light conditions that could be considered saturating, the
Chlamydomonas stt7 mutant, blocked in State 1, shows normal
CEF (Lucker and Kramer, 2013) especially when DCMU is

present (Takahashi et al., 2013; Alric, 2014), suggesting that CEF
is redox-dependent rather than controlled by state transitions in
some mechanical kind of a way.

Lateral Heterogeneity in Photosynthetic
Membranes and Possible Consequences
on CEF in High Light, a General
Perspective

Heterogeneities and Restricted Microdomains
for Quinone Diffusion

PSII is mostly localized in the appressed regions of thylakoids
(grana stacks) whereas PSI localizes preferentially to non-
appressed regions (grana margins and stroma lamellae)
(Andersson and Anderson, 1980). Cytochrome bgf complex
is equally spread in the stacked and unstacked regions (Cox
and Andersson, 1981; Anderson, 1982), suggesting that
plastocyanin (and not plastoquinone) serves as the long-distance
electron carrier between PSII and PSI. NDH (Berger et al,
1993; Lennon et al, 2003) and PGRL1 (Hertle et al., 2013)
localize, together with PSI, in the grana margins and stroma
lamellae. Such co-localization to the thylakoid regions exposed
to the stroma makes sense because PSI as well as NDH and
PGR have to interact with soluble electron carriers diffusing
in the stroma: ferredoxin, FNR and NADP*/NADPH. The
experiments of Joliot and Lavergne support plastocyanin (and
not plastoquinone) as the long-distance electron carrier between
PSIT and PSI (Joliot et al., 1992; Lavergne et al., 1992). Their work
showed the compartmentalization of PSII and plastoquinones in
heterogeneous membrane micro-domains containing on average
about 3-4 PSII centers and about 6 PQs per PSII center. This
“local pool” of plastoquinones around PSII proved to be rapidly
photoreduced (<100 ms) whereas equilibration with the whole
PQ pool occured in the range of a few seconds. On the other
hand, only two thirds of cyt f is rapidly rereduced from PQH,
formed by PSII in the grana stacks (Joliot and Joliot, 1992),
suggesting that the other third of cyt f is disconnected from PSII
and probably corresponds to the fraction found in the lamellae.

Consequences for CEF in Saturating Light

If the thylakoid membranes were a homogenous entity, PSII
would almost fully reduce the PQ pool under conditions
of saturating light and therefore LEF would significantly
oppose CEF. Some of the photosynthetic apparatus must be
operating like this because otherwise the addition of non-
saturating concentrations of DCMU would not stimulate CEF
(see above); but on the other hand, NPQ measurements
done in the absence of DCMU suggest that CEF remains
significantly active in saturating light. It has been extensively
reported that under light intensities >1000 wmols.m2.s™! the
ApH-dependent (nigericin-sensitive) qE component of non-
photochemical quenching of chlorophyll fluorescence is severely
decreased in pgr5 and pgrll mutants, in Arabidopsis (Munekage
et al.,, 2002; Dalcorso et al., 2008; Joliot and Alric, 2013) as
well as in Chlamydomonas (Peers et al., 2009; Tolleter et al.,
2011; Johnson et al., 2014b). Such a prominent role for CEF
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in very high light would not be expected if the system were
completely homogenous. Under saturating illumination where
the photochemical rate of PQ reduction largely exceeds non-
photochemical PQ reduction by the NDH or PGR pathways,
the persistence of CEF can then be attributed, for a good part,
to the lateral heterogeneity of the thylakoid membrane: the
PQ pool may not be homogenously reduced by PSII, some
oxidized PQs may be retained locally in the grana margins
and the stroma lamellae from which PSII is excluded. Oxidized
plastoquinones are electron acceptors for NDH or PGR, localized
in the non-appressed regions of thylakoids. The localization of
cyt bgf complex in these regions might be indispensable to
the regeneration of oxidized plastoquinones. The enrichment of
unstacked membranes in cyt bgf complexes upon transition to
State 2 (Vallon et al,, 1991) does not translate into a significant
increase in the measured CEF rate (Takahashi et al., 2013; Alric,
2014). It simply shows again that cyt bgf complex is not the
limiting step for CEF.

A Functional Role for Supercomplexes?

The presence of NADPH dehydrogenases and PGR5/PGRL1
proteins in both higher plants and green algae suggests that
the mechanism for CEF must be conserved throughout the
green lineage despite the differences that may exist between
photosynthetic organisms (Peltier et al., 2010). Nevertheless,
green algae often show little stacking of the thylakoid membranes
whereas state transitions seem more pronounced in green algae
than in higher plants (Johnson et al., 2014a). PSI and cyt bef co-
purify in Chlamydomonas cells acclimated to state 2 conditions
(Wollman and Bulte, 1989; Iwai et al., 2010), but no similar
association was found in spinach (Breyton et al., 2006). In a
more evolutionary context, the structural diversity observed in
different species may require different strategies for segregation
of plastoquinones—which is why some have predicted a need
for supercomplexes in green algae (Johnson et al., 2014a). In

References

Allen, J. F. (2003). Cyclic, pseudocyclic and noncyclic photophosphorylation:
new links in the chain. Trends Plant Sci. 8, 15-19. doi: 10.1016/S1360-
1385(02)00006-7

Allen, J. F., Bennett, J., Steinback, K. E., and Arntzen, C. J. (1981).
Chloroplast protein phosphorylation couples plastoquinone redox state to
distribution of excitation energy between photosystems. Nature 291, 25-29. doi:
10.1038/291025a0

Alric, J. (2014). Redox and ATP control of photosynthetic cyclic electron flow in
Chlamydomonas reinhardtii: (II) involvement of the PGR5-PGRL1 pathway
under anaerobic conditions. Biochim. Biophys. Acta 1837, 825-834. doi:
10.1016/j.bbabio.2014.01.024

Alric, J., Lavergne, J., and Rappaport, F. (2010). Redox and ATP control
of photosynthetic cyclic electron flow in Chlamydomonas reinhardtii
(I) aerobic conditions. Biochim. Biophys. Acta 1797, 44-51. doi:
10.1016/j.bbabio.2009.07.009

Anderson, J. M., (1982). Distribution of the cytochromes of spinach chloroplasts
between the appressed membranes of grana stacks and stroma-exposed
thylakoid regions. FEBS Lett. 138, 62-66. doi: 10.1016/0014-5793(82)
80395-5

Andersson, B., and Anderson, J. M. (1980). Lateral heterogeneity in the
distribution of chlorophyll-protein complexes of the thylakoid membranes of

contrast, higher plant thylakoid stacking changes dynamically
in response to light (Rozak et al., 2002) and CEF accelerates
with increasing light intensity, even after saturation of LEF
(Kou et al,, 2013). It suggests that the thylakoid membrane
may not only represent a static frame where photosynthetic
complexes are embedded, but that lateral heterogeneities and
membrane dynamics may also act as a control point for
regulating photosynthesis.

Although these structural differences are easily pictured, it
is very difficult to address the question of how they impact
the kinetics of photosynthetic electron flow. In a recent book
chapter summarizing most of his kinetics studies on restricted
diffusion of quinones in membrane microdomains, Lavergne
wrote (Lavergne, 2009) p. 203 <« The problem is that very
different organizations can have similar effects [...], the “low
apparent equilibrium constant” is a good diagnostic for non-
homogeneity, but it does not suffice to distinguish between
a “crystalline;” ordered arrangement (e.g., the supercomplex
model), a distributed stoichiometry due to small size confinement
[...], or large scale stoichiometric heterogeneity (as probably
occurs in thylakoids). 3> So the question remains as to whether
or not the association of PSI and cyt bef in supercomplexes favor
CEF more than the exclusion of PSII from the stroma lamellae
does, if it has any effect at all. The recent isolation of mutants
such as curt that have altered thylakoid structure illustrates the
importance of lateral heterogeneity for an optimal photosynthesis
(Armbruster et al., 2013). Such mutants modified in their granal
structure or others impaired for supercomplex formation will
contribute to future investigations and contribute to the ongoing
debate around this subject.

Acknowledgments

This work was supported by CNRS and INSIS Energie CNRS
grant PhotoModes 72749.

spinach chloroplasts. Biochim. Biophys. Acta 593, 427-440. doi: 10.1016/0005-
2728(80)90078-X

Armbruster, U., Labs, M., Pribil, M., Viola, S., Xu, W., Scharfenberg, M., et al.
(2013). Arabidopsis CURVATURE THYLAKOID1 proteins modify thylakoid
architecture by inducing membrane curvature. Plant Cell 25, 2661-2678. doi:
10.1105/tpc.113.113118

Arnon, D. I, and Chain, R. K. (1975). Regulation of ferredoxin-catalyzed
photosynthetic phosphorylations. Proc. Natl. Acad. Sci. U.S.A. 72, 4961-4965.
doi: 10.1073/pnas.72.12.4961

Arnon, D. I, Tsujimoto, H. Y., and McSwain, B. D. (1967). Ferredoxin and
photosynthetic phosphorylation. Nature 214, 562-566. doi: 10.1038/214562a0

Avron, M., and Neumann, J. (1968). Photophosphorylation in Chloroplasts. Ann.
Rev. Plant Physiol. 19, 137-166. doi: 10.1146/annurev.pp.19.060168.001033

Bendall, D. S., and Manasse, R. S. (1995). Cyclic photophosphorylation and
Electron-transport. Biochim. Biophys. Acta 1229, 23-38. doi: 10.1016/0005-
2728(94)00195-B

Berger, S., Ellersiek, U., Westhoff, P., and Steinmiiller, K. (1993). Studies on
the expression of NDH-H, a subunit of the NAD(P)H-plastoquinone-
oxidoreductase of higher-plant chloroplasts. Planta 190, 25-31. doi:
10.1007/BF00195671

Breyton, C., Nandha, B., Johnson, G. N., Joliot, P., and Finazzi, G. (2006).
Redox modulation of cyclic electron flow around photosystem I in C3 plants.
Biochemistry 45, 13465-13475. doi: 10.1021/bi061439s

Frontiers in Plant Science | www.frontiersin.org

July 2015 | Volume 6 | Article 540


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Alric

Poise for cyclic electron flow

Cox, R. P, and Andersson, B. (1981). Lateral and transverse organisation of
cytochromes in the chloroplast thylakoid membrane. Biochem. Biophys. Res.
Commun. 103, 1336-1342. doi: 10.1016/0006-291X(81)90269-2

Dalcorso, G., Pesaresi, P., Masiero, S., Aseeva, E., Schunemann, D., Finazzi, G.,
et al. (2008). A complex containing PGRL1 and PGR5 is involved in the switch
between linear and cyclic electron flow in Arabidopsis. Cell 132, 273-285. doi:
10.1016/j.cell.2007.12.028

Farquhar, G. D., Von Caemmerer, S. V., and Berry, J. A. (1980). A Biochemical-
model of photosynthetic Co2 assimilation in leaves of C-3 species. Planta 149,
78-90. doi: 10.1007/BF00386231

Gilmore, A. M., and Bjérkman, O. (1995). Temperature-sensitive coupling and
uncoupling of ATPase-mediated, nonradiative energy dissipation: similarities
between chloroplasts and leaves. Planta 197, 646-654. doi: 10.1007/BF00191573

Hertle, A. P,, Blunder, T., Wunder, T., Pesaresi, P., Pribil, M., Armbruster, U,,
et al. (2013). PGRLI1 is the elusive ferredoxin-plastoquinone reductase
in photosynthetic cyclic electron flow. Mol Cell 49, 511-523. doi:
10.1016/j.molcel.2012.11.030

Hosler, J. P., and Yocum, C. F. (1987). Regulation of cyclic photophosphorylation
during ferredoxin-mediated electron transport: effect of DCMU and the
NADPH/NADP ratio. Plant Physiol. 83, 965-969. doi: 10.1104/pp.83.4.965

Iwai, M., Takizawa, K., Tokutsu, R., Okamuro, A., Takahashi, Y., and Minagawa, J.
(2010). Isolation of the elusive supercomplex that drives cyclic electron flow in
photosynthesis. Nature 464, 1210-1213. doi: 10.1038/nature08885

Johnson, G. N., Cardol, P., Minagawa, J., and Finazzi, G. (2014a). “Regulation of
electron transport in photosynthesis,” in Advances in Plant Biology, eds S. M.
Theg and F. A. Wollman (Dordrecht: Springer), 437-464.

Johnson, X., Steinbeck, J., Dent, R. M., Takahashi, H., Richaud, P., Ozawa, S.,
etal. (2014b). Proton gradient regulation 5-mediated cyclic electron flow under
ATP- or redox-limited conditions: a study of DeltaATpase pgr5 and DeltarbcL
pgr5 mutants in the green alga Chlamydomonas reinhardtii. Plant Physiol. 165,
438-452. doi: 10.1104/pp.113.233593

Joliot, P., and Alric, J. (2013). Inhibition of CO2 fixation by iodoacetamide
stimulates cyclic electron flow and non-photochemical quenching upon far-red
illumination. Photosyn. Res. 115, 55-63. doi: 10.1007/s11120-013-9826-1

Joliot, P., and Joliot, A. (1992). Electron-transfer between photosystem-Ii and the
cytochrome-B/F complex - mechanistic and structural implications. Biochim.
Biophys. Acta 1102, 53-61. doi: 10.1016/0005-2728(92)90064-9

Joliot, P., Lavergne, J., and Beal, D. (1992). Plastoquinone compartmentation in
chloroplasts.1. Evidence for domains with different rates of photo-reduction.
Biochim. Biophys. Acta 1101, 1-12. doi: 10.1016/0167-4838(92)90460-U

Kok, B., Joliot, P., and Mcgloin, M. (1969). “Electron transfer between the
photoacts,” in Progress in Photosynthesis Research, Vol. 2, ed H. Metzner
(Tiibingen: Institut fiir Chemische Pflanzenphysiologie), 1042-1056.

Kou, J., Takahashi, S., Oguchi, R., Fan, D.-Y., Badger, M. R., and Chow, W. S.
(2013). Estimation of the steady-state cyclic electron flux around PSI in spinach
leaf discs in white light, CO2-enriched air and other varied conditions. Funct.
Plant Biol. 40, 1018-1028. doi: 10.1071/FP13010

Lavergne, J. (2009). “Clustering of electron transfer components: kinetic and
thermodynamic consequences,” in Photosynthesis in Silico, eds A. Laisk, L.
Nedbal, and Govindjee (Dordrecht: Springer), 177-205. doi: 10.1007/978-1-
4020-9237-4_8

Lavergne, J., Bouchaud, J. P, and Joliot, P. (1992). Plastoquinone
compartmentation in chloroplasts.2. Theoretical aspects. Biochim. Biophys.
Acta 1101, 13-22. doi: 10.1016/0167-4838(92)90461-L

Lennon, A. M., Prommeenate, P., and Nixon, P. J. (2003). Location, expression and
orientation of the putative chlororespiratory enzymes, Ndh and IMMUTANS,
in higher-plant plastids. Planta 218, 254-260. doi: 10.1007/s00425-003-1111-7

Lucker, B., and Kramer, D. M. (2013). Regulation of cyclic electron flow in
Chlamydomonas reinhardtii under fluctuating carbon availability. Photosyn.
Res. 117, 449-459. doi: 10.1007/s11120-013-9932-0

Maxwell, P. C., and Biggins, J. (1976). Role of Cyclic electron-transport in
photosynthesis as measured by photoinduced turnover of P-700 in vivo.
Biochemistry 15, 3975-3981. doi: 10.1021/bi00663a011

Mills, J. D., Slovacek, R. E., and Hind, G. (1978). Cyclic electron
transport in isolated intact chloroplasts. Further studies with antimycin.
Biochim.  Biophys. Acta 504, 298-309. doi: 10.1016/0005-2728(78)
90178-0

Munekage, Y., Hojo, M., Meurer, J., Endo, T., Tasaka, M., and Shikanai, T. (2002).
PGRS is involved in cyclic electron flow around photosystem I and is essential
for photoprotection in Arabidopsis. Cell 110, 361-371. doi: 10.1016/S0092-
8674(02)00867-X

Peers, G., Truong, T. B., Ostendorf, E., Busch, A., Elrad, D., Grossman, A.
R, et al. (2009). An ancient light-harvesting protein is critical for the
regulation of algal photosynthesis. Nature 462, 518-521. doi: 10.1038/nature
08587

Peltier, G., Tolleter, D., Billon, E., and Cournac, L. (2010). Auxiliary electron
transport pathways in chloroplasts of microalgae. Photosyn. Res. 106, 19-31.
doi: 10.1007/s11120-010-9575-3

Raines, C. A. (2003). The Calvin cycle revisited. Photosyn. Res. 75, 1-10. doi:
10.1023/A:1022421515027

Rozak, P. R, Seiser, R. M., Wacholtz, W. F., and Wise, R. R. (2002).
Rapid, reversible alterations in spinach thylakoid appression upon changes
in light intensity. Plant Cell Environ. 25, 421-429. doi: 10.1046/j.0016-
8025.2001.00823.x

Slovacek, R. E., Crowther, D., and Hind, G. (1979). Cytochrome function in the
cyclic electron-transport pathway of chloroplasts. Biochim. Biophys. Acta 547,
138-148. doi: 10.1016/0005-2728(79)90102-6

Tagawa, K., Tsujimoto, H. Y., and Arnon, D. L. (1963). Role of chloroplast
ferredoxin in the energy conversion process of photosynthesis. Proc. Natl. Acad.
Sci. U.S.A. 49, 567-572. doi: 10.1073/pnas.49.4.567

Takahashi, H., Clowez, S., Wollman, F. A., Vallon, O., and Rappaport, F. (2013).
Cyclic electron flow is redox-controlled but independent of state transition.
Nat. Commun. 4:1954. doi: 10.1038/ncomms2954

Tolleter, D., Ghysels, B., Alric, ., Petroutsos, D., Tolstygina, 1., Krawietz, D., et al.
(2011). Control of hydrogen photoproduction by the proton gradient generated
by cyclic electron flow in Chlamydomonas reinhardtii. Plant Cell 23, 2619-2630.
doi: 10.1105/tpc.111.086876

Vallon, O., Bulte, L., Dainese, P., Olive, J., Bassi, R., and Wollman, F. A.
(1991). Lateral redistribution of cytochrome b6/f complexes along thylakoid
membranes upon state transitions. Proc. Natl. Acad. Sci. U.S.A. 88, 8262-8266.
doi: 10.1073/pnas.88.18.8262

Whatley, F. R.,, Allen, M. B.,, and Arnon, D. L (1955). Photosynthetic
phosphorylation as an anaerobic process. Biochim. Biophys. Acta 16, 605-606.
doi: 10.1016/0006-3002(55)90294-8

Wollman, F. A., and Bulte, L. (1989). “Towards an understanding of the
physiological role of state transitions,” in Photoconversion Processes for Energy
and Chemicals: Proceedings of the 3rd EEC Workshop on Photochemical,
Photoelecrochemical and Photobiological Research and Development, 18-21
April 1989, eds D. O. Hall and G. Grassi (London: Taylor & Francis Group),
198-207.

Yamori, W., Takahashi, S., Makino, A., Price, G. D. Badger, M. R,
and Von Caemmerer, S. (2011). The roles of ATP synthase and the
cytochrome b6/f complexes in limiting chloroplast electron transport and
determining photosynthetic capacity. Plant Physiol. 155, 956-962. doi:
10.1104/pp.110.168435

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Alric. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

July 2015 | Volume 6 | Article 540


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	The plastoquinone pool, poised for cyclic electron flow?
	Introduction
	Basic Kinetics and Thermodynamics of CEF
	The Kinetically Limiting Step in CEF is the Reduction of Plastoquinone
	Partial Inhibition of PSII Increases CEF
	Role of State Transitions Under Limiting Light

	Lateral Heterogeneity in Photosynthetic Membranes and Possible Consequences on CEF in High Light, a General Perspective
	Heterogeneities and Restricted Microdomains for Quinone Diffusion
	Consequences for CEF in Saturating Light
	A Functional Role for Supercomplexes?

	Acknowledgments
	References


