
PP65CH10-Rochaix ARI 8 April 2014 21:58

Regulation and Dynamics of
the Light-Harvesting System
Jean-David Rochaix
Departments of Molecular Biology and Plant Biology, University of Geneva, 1211 Geneva,
Switzerland; email: jean-david.rochaix@unige.ch

Annu. Rev. Plant Biol. 2014. 65:287–309

First published online as a Review in Advance on
January 22, 2014

The Annual Review of Plant Biology is online at
plant.annualreviews.org

This article’s doi:
10.1146/annurev-arplant-050213-040226

Copyright c© 2014 by Annual Reviews.
All rights reserved

Keywords

photosynthesis, thylakoid membrane, light acclimation, state transitions,
nonphotochemical quenching

Abstract

Photosynthetic organisms are continuously subjected to changes in light
quantity and quality, and must adjust their photosynthetic machinery so that
it maintains optimal performance under limiting light and minimizes pho-
todamage under excess light. To achieve this goal, these organisms use two
main strategies in which light-harvesting complex II (LHCII), the light-
harvesting system of photosystem II (PSII), plays a key role both for the
collection of light energy and for photoprotection. The first is energy-
dependent nonphotochemical quenching, whereby the high-light-induced
proton gradient across the thylakoid membrane triggers a process in which
excess excitation energy is harmlessly dissipated as heat. The second involves
a redistribution of the mobile LHCII between the two photosystems in re-
sponse to changes in the redox poise of the electron transport chain sensed
through a signaling chain. These two processes strongly diminish the pro-
duction of damaging reactive oxygen species, but photodamage of PSII is
unavoidable, and it is repaired efficiently.
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PSII: photosystem II

Cytb6f: cytochrome
b6f complex

PSI: photosystem I

LHC:
light-harvesting
complex

PQ: plastoquinone

LEF: linear electron
flow

CEF: cyclic electron
flow
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INTRODUCTION

The primary reactions of oxygenic photosynthesis are mediated by four protein complexes embed-
ded in the thylakoid membrane. Three of these complexes—photosystem II (PSII), the cytochrome
b6 f complex (Cytb6 f ), and photosystem I (PSI)—contain chlorophylls, carotenoids, and lipids and
are electrically connected in series through the electron transport chain (Figure 1). PSII and
PSI are associated with their light-harvesting complexes (LHCII and LHCI, respectively). These
antenna systems absorb light and channel the light excitation energy to the reaction centers of
PSII and PSI, where a stable charge separation occurs across the thylakoid membrane. In this
way a strong oxidant is generated on the donor side of PSII that is capable of extracting elec-
trons from water, which are then transferred from PSII along the electron transport chain to the
plastoquinone (PQ) pool and Cytb6 f and subsequently to plastocyanin and PSI, where a second
photochemical reaction occurs that results in the oxidation of plastocyanin and the reduction of
ferredoxin and finally of NADP+. In addition to linear electron flow (LEF) from PSII to PSI,
cyclic electron flow (CEF) occurs in which electrons are shuttled back to the PQ pool from the
acceptor side of PSI. Both LEF and CEF are coupled to the transfer of protons from the stromal to
the lumenal side of the thylakoid membrane. The resulting proton gradient is used by the fourth
complex, ATP synthase, to produce ATP, which together with NADPH fuels the reactions of
carbon assimilation and cellular metabolism.

A characteristic feature of the thylakoid membrane is that it is organized in two distinct func-
tional domains. In most cases, the grana, which are cylindrical stacks of 5–20 layers of thylakoid
membrane, are linked together by stroma lamellae, although this may vary depending on plant
species and growth conditions. Each granum is bounded by two stroma-exposed membranes and
the highly curved margins that connect two adjacent grana membranes. Within each chloroplast,
these thylakoid membranes form a continuous network with a single lumen space (116). There
is a remarkable lateral heterogeneity in these membranes, as the photosynthetic complexes are
not uniformly distributed between the two thylakoid domains (3). PSII is localized mainly in
the grana, whereas PSI and ATP synthase are localized in the stroma lamellae and Cytb6 f par-
titions equally between both domains (Figure 1). The heterogeneity of the thylakoid system is
determined largely by the fact that both PSI and ATP synthase contain large protruding stroma
domains that would not fit within the appressed grana membranes, which are separated by only
3–4 nm (34, 70). Moreover, grana formation is mediated through van der Waals attractive forces
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Figure 1
Lateral heterogeneity of the thylakoid membrane with photosynthetic electron pathways, showing the
photosynthetic electron transport chain with photosystem II (PSII), cytochrome b6f (Cytb6 f ), photosystem I
(PSI), and ATP synthase. Linear electron flow (LEF) and cyclic electron flow (CEF) are shown in red
and blue, respectively, with arrows indicating the direction of electron flow. The LEF pathway is driven by
the two photochemical reactions of PSII and PSI. Electrons are extracted by PSII from water and transferred
subsequently to the plastoquinone (PQ) pool, Cytb6 f, plastocyanin (PC), PSI, and ferredoxin (FD).
Ferredoxin-NADPH reductase (FNR) catalyzes the formation of NADPH at the expense of reduced FD. The
CEF pathway is driven by PSI in the stroma lamellae. In Chlamydomonas reinhardtii, PSI forms a supercomplex
with Cytb6 f, FNR, PGRL1, and additional factors. Upon reduction of FD, electrons are returned to
the PQ pool through either the NADH dehydrogenase complex (Ndh) or PGRL1, which acts as an FD-PQ
oxidoreductase. Both LEF and CEF are associated with proton pumping into the lumen. The resulting proton
gradient is used by ATP synthase to produce ATP, which together with NADPH drives CO2 assimilation
by the Calvin-Benson cycle (CB; brown). The chlororespiratory chain (CR; green) feeds stromal-reducing
power into the PQ pool with plastid terminal oxidase (PTOX) as the terminal electron acceptor.

and cation-mediated electrostatic interactions between membranes, in which LHCII plays a major
role (10, 28).

The LHCII and LHCI proteins are encoded by a large family of genes. The green alga Chlamy-
domonas reinhardtii has 9 major and 3 minor LHCII-encoding genes and 9 LHCI-encoding genes
(92), and in the land plant Arabidopsis thaliana, 15 LHCII-encoding genes and 6 LHCI-encoding
genes have been identified (61) (Table 1). Each LHC protein contains three transmembrane do-
mains with up to eight chlorophyll a molecules, six chlorophyll b molecules, and four xanthophyll
molecules (86). The major LHCII proteins are organized in trimers around the PSII core, which
consists of the D1 and D2 protein heterodimer, the chlorophyll a–containing core antenna proteins
CP43 and CP47, and a set of low-molecular-weight polypeptides. The LHCII trimers are con-
nected to the PSII core through two less abundant monomeric LHCII proteins, CP26 and CP29
(Figure 2). Imaging by transmission electron microscopy revealed PSII-LHCII supercomplexes
with different antenna sizes. Land plants contain C2S2M1- and C2S2M2-type supercomplexes
(20, 27). (C, S, and M refer to the core complex and strongly and moderately associated LHCII
trimers, respectively.) Supercomplexes with one to three LHCII trimers per monomeric core were
detected in C. reinhardtii (37, 100, 122). Plants also contain another monomeric LHCII protein,
CP24, that is required for binding M trimers to the core and is missing in green algae (120).

The PSI complex is monomeric in eukaryotes and consists of the PsaA/PsaB heterodimer and
additional surrounding subunits. Most of the chlorophylls bound to the reaction center subunits
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Table 1 Light-harvesting complex (LHC) proteins in Chlamydomonas reinhardtii and Arabidopsis thaliana

Protein
Number of

amino acidsa Accession number Protein
Number of

amino acidsa Accession number
LHCII, C. reinhardtii LHCII, A. thaliana
Lhcbm1 256 BAB64418 Lhcb1.1, -1.2, -1.3 267 X03907
Lhcbm2 249 BAB64417 Lhcb1.4 267 X64459
Lhcbm3 257 BAB64416 Lhcb1.5 266 X64460
Lhcbm4 254 AAD03731 Lhcb2.1, -2.2, -2.3 265 AF134122
Lhcbm5 268 AAD03732 Lhcb2.4 266 AF134125
Lhcbm6 253 AAM18056 Lhcb3 265 AF134126
Lhcbm7 249 AAK01125 Lhcb4.1 (CP29) 290 X71878
Lhcbm8 254 AAL88457 Lhcb4.2 (CP29) 288 AF134127
Lhcbm9 254 EDP01724 Lhcb4.3 (CP29) 276 AF134128
Lhcb4 (CP29) 280 BAB64415 Lhcb5 (CP26) 280 AF134129
Lhcb5 (CP26) 289 BAB20613 Lhcb6 (CP24) 288 AF134130
Lhcb7 399 EDP07628
LHCI, C. reinhardtii LHCI, A. thaliana
Lhca1 243 BAD06923 Lhca1 241 M85150
Lhca2 257 EDP05477 Lhca2.1 271 AF134120
Lhca3 228 BAD06919 Lhca3 273 U01103
Lhca4 241 BAD06918 Lhca4 252 M63931
Lhca5 264 BAD06920 Lhca5 255 AF134121
Lhca6 257 BAD06922 Lhca6 277 U03395
Lhca7 241 BAD06924
Lhca8 267 BAD06921
Lhca9 213 EDP04026
qE-NPQ, C. reinhardtii qE-NPQ, A. thaliana
LHCSR1 253 CAA64632 PsbSb 265 AF134131
LHCSR3.1 259 EDP01013
LHCSR3.2 259 EDP01087
PsbSb 245 EDP09214

Abbreviation: qE-NPQ, energy-dependent nonphotochemical quenching.
aCorresponds to the precursor protein, including the transit peptide.
bIn contrast to the other LHC proteins, which contain three transmembrane domains, PsbS contains four transmembrane domains and does not bind
pigments.

act as light-harvesting pigments. Several LHCI proteins are bound asymmetrically as a crescent-
shaped belt to the PSI core in both algae and land plants (2, 65).

Photosynthetic organisms are constantly subjected to a changing environment in both the long
term (because of seasonal and diurnal changes) and the short term (because of fluctuations in cloud
cover, canopy, and wind-induced plant movements). These changes lead to considerable shifts in
the intensity and spectral quality of the incident sunlight. Moreover, changes in the availability
of CO2, water, and nutrients and variations in temperature can greatly affect the cellular need for
ATP, NADPH, and the products of carbon fixation. Thus, not only excess light but also other
environmental changes need to be accommodated. Adjusting the operation of the photosynthetic
machinery accordingly is a great challenge for algae and plants.
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Figure 2
Remodeling of the light-harvesting systems during state transitions. Photosystem II (PSII) is depicted as a
C2S2M2 complex with monomeric CP29, CP26, and CP24 (circles) connecting the core complex with the
light-harvesting complex II (LHCII) trimers (triangles). The transition from state 1 to state 2 is triggered
when the plastoquinone (PQ) pool is reduced. Docking of plastoquinol (PQH2) to cytochrome b6f leads to
activation of the Stt7/STN7 kinase and phosphorylation of LHCII (red dots). Phosphorylated LHCII
dissociates from PSII and binds to photosystem I (PSI). Upon oxidation of the PQ pool, the kinase is
inactivated, LHCII is dephosphorylated by the PPH1/TAP38 phosphatase, and the mobile LHCII returns
to PSII. PSII is located in the grana, whereas PSI is located mainly in the stroma lamellae, the grana end
membranes, and the grana margins.

qE-NPQ:
energy-dependent
nonphotochemical
quenching

A key player in these adaptive processes is the LHCII photosynthetic antenna system, which is
involved both in light harvesting and in the protection of the photosynthetic apparatus. Its prin-
cipal roles are to efficiently collect light energy to drive the primary photochemical reactions of
PSII and PSI and to provide photoprotection. To achieve this goal, photosynthetic organisms have
developed two distinct strategies. The first regulates the amount of light energy used by the PSII
reaction center for photochemistry, especially when this energy exceeds the capacity of the pho-
tosynthetic machinery. In this strategy, the system switches to a protective mode in which the
excess absorbed energy is dissipated as heat through a process called energy-dependent nonpho-
tochemical quenching (qE-NPQ) (57). Without this protection system, the long-living singlet
chlorophyll excited states produced under excess light would undergo triplet formation and react
with molecular oxygen to produce reactive oxygen species, which damage cellular components.
The second strategy balances the excitation energy absorbed by the LHCII and LHCI antenna
systems and readjusts the redox poise of the electron transfer chain upon strong fluctuations in
irradiance to optimize photosynthetic electron flow. This readjustment of the absorption cross
sections of PSII and PSI can occur in either the short term (through the redistribution of the
mobile LHCII antenna, referred to as a state transition) or the long term (through transcriptional
and translational regulation of LHC gene expression). In the case of qE-NPQ, the LHCII system
is able to sense the state of the light-energy balance directly through the �pH across the thy-
lakoid membrane and to respond through structural changes. In the case of state transitions, the
system senses changes in the redox state of the PQ pool through a signaling network comprising
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PTOX: plastid
terminal oxidase

Cytb6f, protein kinases, and phosphatases, which ultimately restores the redox poise of the electron
transport chain and thereby maintains photosynthetic efficiency.

The aim of this article is to cover recent advances in the area of LHCII regulation and thylakoid
membrane dynamics. Earlier work has been covered in several recent reviews (55, 69, 79, 111).
Because of space limitations, only specific aspects of these topics are discussed here.

ACCLIMATION OF THE PHOTOSYNTHETIC MACHINERY
TO CHANGES IN REDOX POISE

The light-harvesting systems of PSII and PSI have a distinct pigment composition. LHCII is
enriched in chlorophyll b, whereas the antenna of PSI is rich in chlorophyll a and additionally
contains chlorophylls able to absorb light in the far-red region (13, 32, 78). Changes in light
quality and quantity can therefore unbalance the distribution of the absorbed light excitation
energy between PSII and PSI. The balance of the system can, however, be restored through state
transitions, in which the antenna cross sections of the PSII and PSI antennae are readjusted (22, 97).

Figure 2 shows the classical model of state transitions. Upon overexcitation of PSII relative to
PSI, the PQ pool is reduced. This redox state is sensed by a protein kinase, presumably Stt7/STN7
(14, 36), that is activated upon binding of plastoquinol (PQH2) to the Qo site of Cytb6 f (124, 134)
and phosphorylates a portion of the LHCII antenna (16). Phosphorylated LHCII dissociates from
PSII and binds to PSI, thereby rebalancing the excitation energy between PSII and PSI and restor-
ing the redox poise of the PQ pool. This state corresponds to state 2. The process is reversible, as
oxidation of the PQ pool by light preferentially absorbed by PSI leads to inactivation of the kinase,
dephosphorylation of LHCII by the PPH1/TAP38 phosphatase (108, 114), and return of the mo-
bile LHCII to PSII. This state corresponds to state 1. However, this model is rather simplistic,
and recent evidence indicates that the mechanisms of state transitions are far more complex.

Both C. reinhardtii and A. thaliana have been used extensively to study state transitions and
more generally as model systems for green algae and land plants. In this respect, it is interesting to
compare acclimation responses in a motile unicellular alga and a sessile multicellular plant, espe-
cially with regard to their evolutionary aspects. A major difference between these two organisms
is that the mobile LHCII antenna constitutes 80% of the total PSII antenna in Chlamydomonas
but only 15–20% in Arabidopsis (35). In Chlamydomonas, the principal function of state transitions
appears to be to adjust the ATP level to cellular demands (26, 130). Under conditions leading
to a shortage of cellular ATP, such as anaerobiosis, glycolysis is stimulated through the Pasteur
effect, and the resulting reducing equivalents are channeled to the PQ pool via the NADH de-
hydrogenase complex (Ndh in Figure 1). The LHCII kinase is then activated, and transition to
state 2 occurs. The difference between algae and plants may be only quantitative, as in both cases,
the redox state of the PQ pool is influenced by both the metabolic state and the environmental
conditions. In both algae and plants, one important role for state transitions is to maintain the
redox poise of the PQ pool and respond to metabolic needs (41, 56).

Earlier experiments indicated that transition from state 1 to state 2 in Chlamydomonas acts as
a switch from LEF to CEF (42, 43). However, recent work has revealed that CEF is controlled
by the redox power and is independent of state transitions in Chlamydomonas and probably also
in land plants (119). The key element was the use of a Chlamydomonas mutant deficient in plastid
terminal oxidase 2 (Ptox2), which reoxidizes the PQH2 pool in the dark (Figure 1). In the absence
of Ptox2, this pool remains reduced in the dark even under aerobic conditions and the cells are in
state 2, with the mobile LHCII associated with PSI; in the wild type, in contrast, LHCII remains
associated with PSII. Under these conditions, however, CEF was not enhanced in the ptox2 mutant
compared with the wild type, indicating that state 2 is not sufficient to promote CEF. Further,
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state 2 is not required for inducing CEF, as anoxic conditions enhanced CEF both in the wild
type and in an stt7 mutant blocked in state 1 (119). Also, the PSI-Cytb6 f supercomplex involved
in CEF was formed independently of state transitions (119). These results thus clearly indicate
that the efficiency of CEF cannot be correlated with state transitions and that the enhancement of
CEF is likely controlled by the redox state of the photosynthetic electron transport chain. How
this control operates at the molecular level remains to be determined.

It has become apparent that CEF is important in C3 plants to match the ATP:NADPH ratio
of 3:2 required for driving the Calvin-Benson cycle, particularly under fluctuating light or other
stress conditions (64). In the CEF pathway, electrons are transferred back to the PQ pool through
NAD(P)H dehydrogenase or through Cytb6 f using a mechanism derived from the Q cycle (64,
115). Moreover, direct reduction of the PQ pool may occur through ferredoxin-PQ reductase (29,
96). A strong candidate for this reductase is PGRL1 (53), a protein known to be involved in CEF
and associated with PSI (33). In Chlamydomonas, a large supercomplex that includes PSI, Cytb6 f,
ferredoxin-NADPH reductase, PGRL1, and several additional factors is involved in CEF (59).

Three forms of PSII complexes have been identified in Chlamydomonas: a PSII core complex,
a PSII-LHCII supercomplex, and a PSII megacomplex containing multiple LHCIIs (58). The
PSII megacomplex is formed in state 1, whereas the PSII core complex is predominant in state 2,
indicating that LHCIIs are dissociated from PSII upon transition to state 2. Also, phosphorylated
LHCII is associated mainly with the PSII supercomplex and not with the megacomplex. Based
on these studies, PSII remodeling during a state transition was proposed to occur through phos-
phorylation of LHCII, which converts the megacomplex into a supercomplex, and through the
release of LHCII from the PSII supercomplex upon phosphorylation of the minor LHCIIs CP29
and CP26 and the PSII core proteins (58).

The composition and organization of PSII during state transitions has also been studied in
land plants. A PSII supercomplex was identified with four LHCII trimers (C2S2M2). This complex
contains up to two additional loosely associated trimers in state 1 (126). During transition to state 2,
this extra LHCII migrates to PSI, leaving the PSII supercomplex intact (Figure 2). Earlier in
vitro studies based on subfractionation of thylakoid membranes indicated that stroma lamellae
enriched in PSI contain more phosphorylated LHCII than the grana fraction, which contains
predominantly PSII (12, 77). However, in contrast to the classic model, phosphorylation is not
restricted to the mobile LHCII but also occurs for the LHCIIs in the supercomplexes, indicating
that the PSII supercomplex does not change during state transitions and that PSII phosphorylation
is not sufficient to dissociate certain LHCII trimers from PSII (126). It was assumed earlier that
LHCIIs are the major antenna of PSII and that, in response to exposure to low light, a small fraction
of LHCII is displaced to PSI. However, it now appears that a large part of the PSI complexes
binds one LHCII trimer, which transfers excitation energy efficiently to PSI after long-term
acclimation to different light conditions (low light, moderate light, high light, sunlight) (126,
127). Thus, LHCII is part of the PSI antenna under a variety of growth conditions. Calculations
of absorption balance indicate that if all LHCIIs were associated with PSII, it would be overexcited
at wavelengths below 681 nm, but in reality a balance between PSII and PSI occurs when the PSI
antenna is enlarged by LHCII.

The picture that emerges from these studies is that, in land plants, the mobile LHCII acts as a
highly efficient antenna for PSI under a variety of light conditions and remains associated with PSI
after long-term acclimation. The mobile LHCII moves back to PSII only under specific conditions,
such as after a sudden increase in light intensity or when PSI is overexcited by far-red light. In
mutants lacking the PsaH subunit that is essential for docking LHCII to PSI, phosphorylated
LHCII remains associated with PSII (88), suggesting that the partitioning of LHCII between
PSII and PSI is determined largely by changes in the binding affinity of LHCII to these complexes
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through phosphorylation. Evidence for the migration of LHCII between PSII and PSI is based
primarily on in vitro studies with thylakoid membranes (66, 120). Is there any direct in vivo
evidence for this process? Using fluorescence lifetime imaging microscopy, which allows one to
differentiate chlorophyll autofluorescence by its lifetime, Iwai et al. (60) were able to detect a 250-
ps-lifetime fluorescence component in live Chlamydomonas cells during a transition from state 1 to
state 2. This component was absent in an stt7 mutant that is deficient in LHCII phosphorylation
and unable to perform state transitions (36, 45); in this mutant, the component spread through the
cell and formed large spotted areas. Interestingly, this component was also detected in a mutant
that contained LHCII but lacked both PSI and PSII, and its appearance correlated with LHCII
phosphorylation. These data suggest that the 250-ps component originates from phospho-LHCII
dissociation from PSII in vivo. Moreover, phospho-LHCII aggregates formed in state 2 and were
energy dissipative (60). Aggregates of LHCII also occur during nonphotochemical quenching (see
below) (55), but how they relate to those formed during state transitions is unclear. These results
suggest the existence of a free LHCII pool, but whether it forms only transiently and how and
where LHCII binds to PSI are also unclear. Clearly, this novel fluorescence imaging technique
appears to be very promising for studying the dynamics of LHCII in the thylakoid membranes.

ROLE OF THE STT7/STN7 KINASE AND PPH1/TAP38 PHOSPHATASE
IN STATE TRANSITIONS

Shortly after the discovery of state transitions, Bennett (16) detected LHCII kinase activity asso-
ciated with the thylakoid membrane. However, attempts to isolate this kinase using biochemical
methods failed (30, 31, 117). Chlamydomonas proved to be particularly well suited for a genetic
screen of LHCII kinase mutants because state transitions in this alga are accompanied by large
fluorescence changes that can be easily monitored by fluorescence video imaging (45, 76). This
approach led to the isolation of stt7, a mutant that is blocked in state 1 and deficient in LHCII
phosphorylation under state 2 conditions and that lacks the Stt7 protein kinase (36). This kinase
is related to another thylakoid kinase, dubbed Stl1. Moreover, both Stt7 and Stl1 have orthologs
in Arabidopsis, called STN7 (involved in LHCII phosphorylation and state transitions) and STN8
(required for the phosphorylation of the PSII core proteins), respectively (14, 21, 123). These
kinases are also present in other algae and land plants.

Although it is clear that the Stt7/STN7 kinase is required for the transition from state 1 to state 2
and for LHCII phosphorylation, it has not yet been proven that LHCII is its direct substrate.
Nevertheless, this is likely to be the case, because among the other characterized chloroplast
kinases, none is specifically required for LHCII phosphorylation. A comparative phosphopro-
teomic study of Chlamydomonas thylakoid membranes from wild-type and stt7 plants under state 1
and state 2 conditions revealed several Stt7-dependent phosphorylation sites in the N-terminal
stromal regions of Lhcbm1/Lhcbm10, Lhcbm4/Lhcbm6/Lhcbm8/Lhcbm9, Lhcbm3, Lhcbm5,
and CP29 and on the Stl1 kinase, suggesting functional interactions between these two kinases
(80). Stt7/STN7 protein could also be detected in phosphorylated form (80, 109). Although the
functional significance of this phosphorylation is not known in Chlamydomonas, in Arabidopsis the
decrease of the STN7 kinase level under state 1 conditions appears to be linked to the dephos-
phorylation of STN7 (128).

A transmembrane domain separates the N-terminal lumenal region of Stt7 from its catalytic
domain on the stromal side of the thylakoid membrane (81). The kinase appears to form a dimer
(131). Two conserved cysteine residues near the N terminus are essential for the activity of the
kinase, although they are separated from the catalytic kinase domain. They could be involved in the
dimerization of Stt7. The kinase is firmly associated with Cytb6f but in substoichiometric amounts,
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with a ratio of 1:20 (81). Although the activation of Stt7 is known to depend on binding of PQH2 to
the Qo site of Cytb6f, it is not clear how the signal from the Qo site on the lumen side is transmitted
to the catalytic domain on the stromal side of the thylakoid membrane. Coimmunoprecipitation
experiments revealed that, in addition to its association with Cytb6f, Stt7 interacts with LHCII
and PSI but not with PSII (81).

The Stt7/STN7 kinase is required not only for state transitions but also for proper acclimation
to fluctuations in white-light intensity. Arabidopsis plants subjected to alternating short periods
of low and high light undergo reversible LHCII protein phosphorylation (121). Under these
conditions, in low light the STN7 kinase is activated and phosphorylates LHCII, and in high light
the STN7 kinase is inactivated and LHCII is dephosphorylated, presumably by the PPH1/TAP38
phosphatase (108, 114). Surprisingly, these reversible changes in LHCII phosphorylation are
not accompanied by changes in the relative excitation of the two photosystems, in contrast to
what occurs during state transitions, when the two photosystems are excited artificially by light
preferentially absorbed by PSII or PSI (121). A challenging task will be to elucidate how the
STN7 kinase together with LHCII phosphorylation is able to maintain the redox poise of the
electron transport chain under fluctuating light without any apparent adjustment of the antenna
cross sections of both photosystems.

Among the dozens of Chlamydomonas state-transition mutants, none was affected in a protein
phosphatase involved in LHCII dephosphorylation during a transition from state 2 to state 1.
In contrast, a coupled bioinformatics-biochemical approach in Arabidopsis proved more success-
ful. This approach involved screening homozygous mutant lines with T-DNA insertions in genes
of predicted chloroplast phosphatases and a dephosphorylation test on young seedlings during
a transition from state 2 to state 1 (108, 114). In this way, a protein phosphatase 2C dubbed
PPH1/TAP38 was identified that is specifically required for the dephosphorylation of LHCII.
The same reverse-genetic screen also identified the PSII core phosphatase (PBCP) for the dephos-
phorylation of the PSII core proteins (112). Thus, PPH1 and PBCP represent the counterparts of
the STN7 and STN8 protein kinases, and together these proteins are the major determinants of
the phosphorylation status of the LHCII and PSII core proteins. Although there is clear evidence
for a redox control of STN7, whether the activity of the two identified phosphatases is regulated
or whether these enzymes are constitutively active is unknown.

REGULATION OF LIGHT-HARVESTING COMPLEX GENE
EXPRESSION AND ASSEMBLY

Photosynthetic organisms acclimate to changes in light quantity and quality through compensatory
responses in which changes in LHCII gene expression lead to adjustments of antenna size. Because
the LHC genes are in the nucleus, coupling of nuclear gene expression with light sensing in the
chloroplast is required in order to elicit a proper response. Regulation of LHC gene expression
occurs at the transcriptional (89), posttranscriptional (38, 44, 47), and translational level (46, 99).
In many cases, the size of the light-harvesting systems of algae and plants is enlarged under low
irradiance to improve light capture by PSII and PSI but is reduced under high irradiance to avoid
overexcitation of the photosystems and thereby to prevent photooxidative damage.

Expression of the LHC genes is affected not only by light but also by other factors and processes,
including temperature, circadian rhythm (90), reactive oxygen species, and tetrapyrrole interme-
diates (62). The underlying mechanisms of regulation are still poorly understood, although some
of the components of the signaling chains through which the nucleus perceives metabolic changes
in the chloroplast have been identified (for a review, see 104). A key factor in these signaling events
is the redox state of the photosynthetic electron transport chain, in particular that of the PQ pool,
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SRP: signal
recognition particle

which depends on the relative excitation of PSII and PSI. One potential candidate for sensing this
redox state is the Stt7/STN7 kinase, which is involved not only in short-term responses such as
state transitions but also in a long-term response that involves signaling to the nucleus. Analysis
of several Arabidopsis mutants deficient in peripheral PSI subunits revealed that, although they
are deficient in state transitions, the long-term response is not affected (107); this indicates that
state transitions are not required for the long-term response and that the branch point between
state transitions and the long-term response is downstream of STN7. However, the downstream
components of these signaling chains are still largely unknown.

One surprising feature of the antenna systems of PSII and PSI is that they are regulated in
different ways. As an example, upon acclimation of Arabidopsis plants from low to high light,
the PSII antenna size is greatly diminished. Although the amounts of Lhcb4 (CP29) and Lhcb5
(CP26) do not change relative to the PSII reaction center, Lhcb1, Lhcb2, and Lhcb6 (CP24) are
strongly downregulated (9). Because CP24 is a minor component and accounts for less than 5%
of the total PSII chlorophyll, its decrease has only a modest effect on the PSII antenna size. This
protein has a peripheral position in the PSII supercomplex and may play a role in stabilizing the
binding of the LHCII trimers to PSII. In contrast, the stoichiometry of all Lhca antenna proteins
with respect to the PSI core complex is unchanged under the same conditions (9). Recent studies
suggest regulation at the translational level upon light stress (46). Whereas translation of Lhcb6
and Lhcb4.2 is downregulated, translation of Lhcb4.3 is upregulated, suggesting that the former
subunits are involved in light harvesting and the latter has a photoprotective function. In PSI, in
contrast, the amount of the Lhca proteins relative to the PSI reaction center remains constant
upon exposure to high light; the light-harvesting function of PSI is instead regulated through
changes in the ratio of PSI to PSII and the association of Lhcb proteins to PSI (9).

Several factors are involved in integrating and assembling the LHC proteins in the thylakoid
membranes (Table 2), including the chloroplast signal recognition particle (SRP), consisting
of cpSRP54 and cpSRP43, which interact posttranslationally with SRP’s LHC substrates (71,
113). Together, these proteins form a transit complex required for keeping the hydrophobic
LHC proteins soluble in the stroma during their migration from the envelope to the thylakoid
membranes and for inserting the LHC proteins into these membranes. Assembly of the light-
harvesting system requires Alb3, which is well conserved in land plants and algae. It is structurally
related to the mitochondrial Oxa1p and bacterial YidC proteins, which are essential for integrating
proteins into membranes (25, 87). Loss of this protein in Arabidopsis leads to an albino phenotype
(118), and in vitro studies have shown that this protein is required for the insertion of the LHCII
protein into thylakoid membranes (95). In Chlamydomonas, two nucleus-encoded proteins, Alb3.1
and Alb3.2, are related to Oxa1p. Loss of Alb3.1 leads to the specific depletion of LHCII and to
a decrease of PSII (15). Alb3.2 appears to play an essential role in thylakoid membrane assembly,
and a mild decrease of this protein is lethal (50).

A genetic screen for Chlamydomonas mutants with decreased antenna size revealed Tla1, a
nuclear gene whose product acts as a regulator of chlorophyll content and chlorophyll antenna
size and appears to be localized on the chloroplast envelope and/or budding envelope membrane
(93, 94). This was further confirmed by overexpression and repression of Tla1, which led to a
larger and smaller antenna, respectively. The thylakoid membranes were disorganized in the tla1
mutant, with a loss of properly appressed grana membranes. The depletion of Tla1 also affects
accumulation of the PSII reaction center proteins D1, D2, and VIPP1, the last of which is a
protein conserved in land plants, algae, and cyanobacteria that is involved in thylakoid membrane
biogenesis or maintenance (93).

The cytoplasmic Nab1 protein in Chlamydomonas is another factor regulating antenna size. It
acts as a cytoplasmic repressor of LHCII translation by binding selectively specific Lhcbm isoforms
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Table 2 Regulatory components involved in light-harvesting complex (LHC) and/or thylakoid
membrane assembly and signaling

Protein Cr At Activity/features Biological function
Stt7/STN7 � � Kinase: LHCII State transitions, retrograde signaling
Stl1/STN8 � � Kinase: PSII core PSII repair, thylakoid folding
Pph1/TAP38 � � Phosphatase: LHCII State transitions
Pbcp/PBCP � � Phosphatase: PSII core
cpSRP54 � � LHC insertion
cpSRP43 � � LHC insertion
Alb3.1 � � LHCII assembly
Alb3.2 � Thylakoid assembly/biogenesis
Tla1 � Thylakoid assembly
FZL � Dynamin-like GTPase Thylakoid folding
Vipp1 � � Thylakoid biogenesis
Vipp2 � Thylakoid biogenesis
CURT1a,b,c,d � � Thylakoid membrane curvature
GUN1 � Tetratricopeptide

repeat protein
Retrograde signaling

Abbreviations: Cr, Chlamydomonas reinhardtii; At, Arabidopsis thaliana; PSII, photosystem II. In the Cr and At columns,
check marks indicate that a given protein is present in that species. In the activity/features and biological-function columns,
blank cells indicate that those aspects are not clearly understood.

with Lhcbm6 mRNA as its main target, thereby sequestrating the mRNA in translationally silent
ribonucleoprotein complexes. Its activity is regulated both by cysteine-based redox control and
by arginine methylation (18, 129). Apparently the increased or decreased need for LHCII protein
synthesis is sensed by Nab1 through changes in the cytosolic redox state. However, little is known
about how the plastid redox state influences the cytosolic redox state. Depletion of Tla1 does not
affect the Nab1 level, suggesting that Tla1 and Nab1 act in different signaling pathways.

ENERGY-DEPENDENT NONPHOTOCHEMICAL QUENCHING

Upon light absorption by the antenna system, the excitation energy can be dissipated in several
ways (73): It can be used for photochemistry, emitted as chlorophyll fluorescence, or converted
into heat in the antenna complexes. Because this last process is associated with a decrease of
fluorescence, it is referred to as nonphotochemical quenching of chlorophyll fluorescence (NPQ).
Based on the kinetics of fluorescence relaxation in the dark, at least three different components of
NPQ can be distinguished: the energy-dependent component, qE, which depends on the proton
gradient across the thylakoid membrane and relaxes within seconds; a second component, qT,
which is caused by state transitions and relaxes within minutes; and a third component, qI, which
is caused by photoinhibition and relaxes very slowly.

qE-NPQ is triggered by the light-induced proton gradient across the thylakoid membrane.
The acidification of the thylakoid lumen leads to the activation of violaxanthin de-epoxidase, which
converts violaxanthin through de-epoxidation first to antheraxanthin and then to zeaxanthin, a
series of reversible reactions that are part of the xanthophyll cycle (40, 132). The conversion of
these xanthophylls, which are bound to the LHC polypeptides, induces conformational changes in
these proteins. Remarkably, the LHC proteins are able to switch from an efficient light-harvesting
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state to a photoprotective state in which the light excitation energy is thermally dissipated through
subtle perturbations in their physicochemical environment (75). To identify which of the LHCII
complexes are involved in qE-NPQ, Arabidopsis mutant plants were examined in which specific
LHCII components were removed through antisense technique or knockouts. This analysis re-
vealed that, whereas the absence of CP26 did not affect qE, the absence of CP29 and CP24
decreased qE by 30% and 50%, respectively (4, 72). Loss of the major Lhcb1 and Lhcb2 proteins
decreased qE-NPQ by 35% (5). These results make it unlikely that an individual LHCII complex
acts as the only site of qE; rather, they indicate that this process occurs at multiple sites within the
LHCII antenna. Several mechanisms have been proposed, including excitonic coupling (19) and
charge transfer (54) or energy transfer (110) between xanthophyll and chlorophyll molecules or
chlorophyll–chlorophyll charge transfer states (91).

Genetic screens of mutants deficient in NPQ based on their altered fluorescence properties
confirmed the importance of the xanthophyll cycle for NPQ (101, 102). Moreover, this approach
also identified NPQ mutants unaffected in the xanthophyll cycle, leading to the discovery of
PsbS, which belongs to the superfamily of LHC proteins but contains four rather than three
transmembrane domains (84) and does not bind pigments (24). It acts as a sensor of the lumen
pH and activates qE rapidly, presumably upon protonation of its acidic domains exposed to the
thylakoid lumen, which are thought to promote a rearrangement of the PSII supercomplex in the
grana region (17, 51). Although PsbS is clearly essential for the rapid induction of qE in vivo, it is
dispensable in vitro, as qE can be induced without PsbS provided that the pH gradient is sufficiently
high (63). This suggests that direct protonation of LHCII or of other thylakoid proteins can bypass
the need for PsbS. Whether this property has any physiological significance remains to be seen.

Comparison of the light-harvesting systems of cyanobacteria, algae, and plants has revealed
that these systems are the most variable part of the photosynthetic apparatus. It is therefore not
surprising that different regulatory mechanisms have arisen during evolution, in particular with
regard to qE. The case of Chlamydomonas is particularly interesting. As with land plants, this
alga displays �pH- and xanthophyll-dependent qE. Although it contains a PsbS-like protein,
another protein, LHCSR, is required for qE in this organism (106). This protein belongs to the
LHC superfamily and is conserved in most photosynthetic eukaryote taxa except for red algae
and vascular plants. Quenching of excitation energy occurs by a chlorophyll–carotenoid charge
transfer mechanism in this protein (23). In contrast to PsbS, this protein binds several chlorophylls
and xanthophylls. However, it has a very short chlorophyll fluorescence lifetime in vitro that is
further shortened at low pH (23), suggesting that some quenching activity occurs even in low light,
activity that is presumably increased by protonation of its lumen acidic domains under high light.
This constitutive quenching under low light may be the reason that LHCSR gene expression is
low under these conditions (to avoid wasteful energy dissipation) and upregulated in high light.
LHCSR3 binds PSII presumably by interacting with other LHCII proteins, in particular Lhcbm1
present in the trimers of the PSII antenna (1). Based on mutant studies, Lhcbm1 is specifically
required for qE in Chlamydomonas (39), indicating that although the major LHCII proteins have
very similar sequences, they can have distinct functions. As with other LHCII proteins, LHCSR3
is phosphorylated by the Stt7/STN7 kinase under state 2 conditions and associates with PSI (23).
It will be interesting to determine whether it can quench excitation energy in the free detached
LHCII proteins and induce qE in PSI.

Allorent et al. (1) studied acclimation to high light in Chlamydomonas by comparing npq4 and stt7
single mutants and npq4 stt7 double mutants. It takes several hours to fully induce LHCSR3 and
hence qE-NPQ in Chlamydomonas upon exposure to high light; a transition from state 1 to state 2,
in contrast, is induced within minutes under these conditions. The comparison of fluorescence
quenching, photosynthetic activity, and reactive oxygen species formation in the three mutants
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and in the wild type revealed that both qE-NPQ and state transitions are induced under high light.
State transitions play an important role in this response, as they promote the transfer of the mobile
LHCII from PSII to PSI, thus decreasing the excitation pressure on PSII as well as photodamage.
qE-NPQ and state transitions therefore appear to act together in a complementary way during
acclimation to high light: qE-NPQ constitutes the major response for photoprotection in a steady
state, whereas state transitions prevent photodamage during the early response and may also con-
tribute to photoprotection in a steady state. In this respect, it is interesting that in some microalgae,
such as the diatom Phaeodactylum tricornutum, the LHCSR proteins responsible for qE-NPQ are
constitutively expressed, but these organisms are unable to perform state transitions (105).

PHOTOSYSTEM II PROTEIN PHOSPHORYLATION AND THYLAKOID
MEMBRANE FOLDING

The PSII core proteins D1, D2, and CP43 are phosphorylated by the Stl1/STN8 kinase, which
forms a two-member family with the Stt7/STN7 kinase (36). The corresponding phosphatase of
Stl1/STN8 is PBCP, which is specifically involved in dephosphorylating the PSII core proteins
(112).

Thylakoid membrane organization in grana and stromal regions is shaped to a large extent
by the resident photosynthetic complexes. Thus, mutants deficient in PSI contain mostly grana
with a reduced amount of stroma lamella (11, 82). The protein density is high, especially in
the grana regions, with 70% of the surface area occupied by proteins and 30% by lipids. This
molecular crowding greatly limits the mobility of proteins within the grana, especially that of PSII
and its light-harvesting system. Recent work indicates that light-induced architectural changes
in the folding of thylakoid membranes occur that appear to be mediated in part by changes
in phosphorylation of thylakoid proteins through the action of the thylakoid protein kinases
Stt7/STN7 and Stl1/STN8 and the phosphatases PPH1/TAP38 and PBCP (48, 112). These
changes may alleviate the limited mobility of proteins in these membranes.

At first sight, molecular crowding may be a problem for the PSII repair cycle, which involves
protein migration within the grana region and operates as follows (Figure 3). PSII is prone to
photodamage because it catalyzes the water-splitting reaction of photosynthesis, which is one
of the strongest oxidizing reactions in living organisms. To maintain the photosynthetic yield
of PSII, a highly efficient repair system has evolved (7, 67). Upon light-induced photodamage of
PSII in the grana membrane, the complex moves from the grana to the stromal regions, where
damaged D1, the most vulnerable PSII subunit, is degraded on both the stromal and lumenal sides
of the thylakoid membrane by the FtsH and Deg proteases. A newly synthesized D1 subunit is
then inserted cotranslationally into the complex, and upon repair, PSII moves back to the grana
region. This repair cycle is driven by successive phosphorylation and dephosphorylation of the
PSII core proteins.

Interestingly, D1 degradation is significantly retarded in stn8 single mutants and stn7 stn8
double mutants of Arabidopsis (48), in which folding of the thylakoid membrane is affected. Loss of
the STN8 kinase leads to increased grana size and fewer grana layers. This feature is particularly
noteworthy because grana size is remarkably conserved in land plants and algae (68). Moreover,
in the absence of STN8, the partitioning of FtsH between the grana and stromal membranes
changes (48). The access of FtsH to the grana is restricted and the movement of damaged D1
from the grana to the stromal membranes is hindered, suggesting that the phosphorylation of the
PSII core proteins is important for facilitating protein mobility within the thylakoid membranes.
This view is further supported by studies of the protein phosphatase PBCP, which is involved in
dephosphorylating the PSII core proteins and represents the counterpart of the STN8 kinase (112).
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Stroma lamellae
Grana

PSII

PSII

PSII

FtsH Deg

Stn8 D1

D1*

Light

Figure 3
Photosystem II (PSII) repair cycle. Upon illumination with high light, the PSII reaction center—especially
the D1 protein—is progressively damaged. The PSII core proteins are phosphorylated by the Stl1/STN8
kinase, and the damaged complex migrates from the grana to the stroma lamellae. The D1 protein is
degraded by the FtsH and Deg proteases, and upon its removal from the PSII reaction center, a newly
synthesized D1 protein is inserted cotranslationally into the complex, which moves back to the grana and
thereby completes the repair cycle. D1∗ denotes released D1 fragments.

Arabidopsis mutants lacking this phosphatase have fewer layers in the grana stacks compared with
the wild type.

It is interesting that exposure of thylakoids to high light induces two major structural changes
that act synergistically to facilitate the migration of PSII in the grana to its repair machinery
in the stroma lamellae (52). First, lateral shrinkage of the granum diameter from approximately
370 to 300 nm occurs, which reduces the diffusion distance of damaged PSII in the grana to the
stroma lamellae and thus provides PSII with easier access to FtsH. This change also increases
the ratio of granum perimeter to area, thereby increasing the contact zones between appressed
and unappressed membranes. Second, protein mobility is increased in the high-light-exposed
thylakoid membranes. These conditions also induce phosphorylation of the PSII core proteins.
Taken together, these results strongly suggest that phosphorylation of the PSII core proteins
significantly impacts the folding and architecture of the thylakoid membranes. As suggested in
earlier studies, protein phosphorylation of major thylakoid proteins could induce electrostatic
repulsion between the grana membrane layers and thereby loosen the grana structure (10).

Analysis of Arabidopsis mutants in which the thylakoid membrane system is perturbed has iden-
tified additional proteins required for proper folding of thylakoid membranes. One of these studies
revealed FZL, an FZO-like chloroplast protein, as a determinant of chloroplast morphology and
thylakoid ultrastructure (49). This protein belongs to the dynamin superfamily of membrane-
remodeling GTPases and is associated with the thylakoid and envelope membranes. Mutants
lacking FZL display disorganized grana stacks and changes in the relative proportion of grana
and stromal thylakoids. As FZO proteins are known to promote mitochondrial fusion in animals,
it is possible that the chloroplast protein participates in membrane remodeling, perhaps through
vesicle trafficking from the inner envelope for thylakoid formation. It is surprising, however, that
in spite of the perturbed thylakoid membrane architecture in the fzl mutant, state transitions are
not affected (M. Tikkanen & J.D. Rochaix, unpublished observations).
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The chloroplast protein VIPP1 has also been proposed to function in thylakoid membrane
biogenesis and assembly (74). VIPP1 was originally identified as a potential lipid transfer protein
in the chloroplast envelope (83) and is conserved in vascular plants, algae, and cyanobacteria.
Further studies indicated that it is localized in both the envelope and thylakoids and is involved
in thylakoid biogenesis through vesicle formation (8, 74). Accumulation of vesicles thought to
give rise to thylakoid membranes has also been observed in the nongreen sectors of a variegated
thf1 mutant of Arabidopsis that lacks the plastid THF1 protein and has a disorganized thylakoid
membrane system (125). In Chlamydomonas, Vipp1 interacts with the chloroplast chaperones Cdj2,
Hsp70, and Hsp90, which catalyze the assembly and disassembly of Vipp1 oligomers (85). The role
of these oligomers in thylakoid membrane assembly is not clear, however. Chlamydomonas has two
paralogs, Vipp1 and Vipp2, which appear to be redundantly involved in the biogenesis/assembly of
thylakoid membrane core complexes, perhaps by delivering small hydrophobic proteins or lipids
(103). However, in neither case is it clear how or whether these different proteins act in the same
pathway.

One conspicuous feature of appressed grana membranes is the extreme curvature of the lipid
bilayer at their margins. Recent work has identified a chloroplast curvature thylakoid 1 (Curt1)
protein family of four members involved in this process (6). These proteins are conserved in plants,
algae, and cyanobacteria and modulate thylakoid architecture by inducing membrane curvature.
In vitro Curt1 proteins induce tubulation of liposomes. These proteins are localized mainly at
grana margins and form large oligomers. Grana architecture could be correlated with the amount
of the Curt1 proteins (6). Overexpression of these proteins leads to the formation of an increased
number of grana membrane layers with a smaller granum diameter. In contrast, mutants lacking
these proteins form larger grana discs with only a few grana layers and margins. Interestingly, the
thylakoid membrane architecture observed when Curt1a accumulates to 50% relative to wild-type
levels resembles that of the stn7 stn8 double mutant, in which PSII core and LHCII phosphory-
lation is strongly reduced. However, the fact that phosphorylation of these proteins in the curt1
mutants is induced and occurs in both the dark and the light suggests that the loss of the Curt
proteins overrides the effect of phosphorylation and that PSII core protein phosphorylation does
not play any significant role in thylakoid curvature mediated by Curt1 proteins (6). Interest-
ingly, phosphoproteomic studies indicate that some Curt proteins are among the substrates of
the STN8 kinase (48). Whether the activity of the Curt1 proteins is regulated through phos-
phorylation and to what extent this could thereby control thylakoid membrane folding remain to
be seen.

PERSPECTIVES

The picture that emerges from recent studies on the thylakoid membrane is of a highly dynamic
system in which structural rearrangements are triggered by changes in light conditions. The
light-harvesting system of PSII plays a key role in these processes, as it acts both as a light-
energy collector to drive photosynthesis and as a sensor and energy dissipator when the absorbed
energy exceeds the capacity of the photosynthetic apparatus. All photosynthetic organisms face
the challenge of regulating light harvesting under fluctuating environmental conditions. Complex
signaling pathways within the chloroplast and from the chloroplast to the nucleus have evolved that
perceive changes in the light environment and trigger cellular responses to restore the redox poise
of the photosynthetic electron transport chain. Most prominent among the identified components
of these signaling chains is a quartet consisting of two protein kinases (Stt7/STN7 and Stl1/STN8)
and their respective counterpart phosphatases (PPH1/TAP38 and PBCP), which determine the
phosphorylation status of the PSII light-harvesting system and the PSII core complex. Although
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these enzymes have been examined in some detail, their mode of activation and their downstream
targets are still largely unknown and represent important areas of future research.

New insights have arisen from a comparative analysis of acclimation and photoprotection in al-
gae and land plants. These studies have revealed different primary �pH sensors: LHCSR in algae
functions both as a sensor of excess light and as a site of quenching, whereas PSBS in plants acts
only as a sensor, with multiple sites of quenching in the LHC antenna proteins. Single-molecule
studies have demonstrated that LHC proteins can dynamically switch from a light-harvesting to
a quenching state (75), and understanding the structural basis of this switch remains a challenging
task. Cryptophytes and peridinin-containing dinoflagellates accomplish qE, although they lack
both LHCSR and PSBS; it will be interesting to elucidate how quenching occurs in these organ-
isms. Two other differences between algae and plants are the size of the mobile LHCII antenna and
the extent of state transitions, which are considerably larger in algae than in land plants. These or-
ganisms diverged several hundred million years ago and adapted to their specific habitats. Although
the exact reasons for these differences are not clear, one possibility is that because induction of qE-
NPQ is slow in algae, additional photoprotection during this critical period may be provided by
state transitions (1). More generally, a larger capacity for state transitions could confer a higher de-
gree of flexibility to adapt to stress conditions other than high light, such as CO2 limitation and nu-
trient deprivation, and to metabolic changes that maintain an adequate ATP/NADPH ratio (130).

Modeling of photosynthesis has shown that an increase in the rate of recovery from NPQ
under fluctuating light conditions could significantly improve the photosynthetic yield when the
light is limiting (98, 133). Thus, further mechanistic studies of qE are needed in order to design
new strategies aimed at optimizing photoprotection and plant growth.

We are still at an early stage of understanding how thylakoid membranes are formed and folded,
although a few factors involved in these processes have been identified. The structural arrangement
of this membrane network in grana and stroma lamellae is highly dynamic in response to changes
in the light environment. It involves complex phosphorylation and dephosphorylation events of
major thylakoid proteins and concerted migration of proteins and protein complexes in a highly
crowded membrane environment, a process that is still poorly understood and that will require
new approaches based on protein tagging and innovative fluorescence microscopy techniques
such as fluorescence correlation microscopy, which allows one to determine the diffusion of single
molecules in the thylakoid membrane (60). There is little doubt that research on this system will
continue to be challenging and exciting.

SUMMARY POINTS

1. Photosynthetic organisms are subjected to continuous changes in light intensity and
spectral quality and must adjust their photosynthetic apparatus for optimal performance
and photoprotection.

2. Absorbed light energy can be used for photosynthesis, emitted as fluorescence, or dissi-
pated as heat when the capacity of the photosynthetic apparatus is saturated.

3. The light-harvesting system of photosystem II acts both as a light-energy collector under
limiting light and as an energy dissipator under excess light.

4. Thermal dissipation of excess excitation energy occurs through energy-dependent non-
photochemical quenching, whereby acidification of the thylakoid lumen induces confor-
mational changes in the light-harvesting proteins.
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5. Balancing of the light energy between the two photosystems occurs through state tran-
sitions, a process in which the mobile part of the photosystem II antenna moves between
photosystem II in the grana and photosystem I in the stroma lamellae to restore the redox
poise whenever the relative excitation of the two photosystems changes.

6. The mobility of the light-harvesting system of photosystem II is regulated by phosphor-
ylation, which in turn is controlled by the redox state of the plastoquinone pool.

7. A quartet consisting of two protein kinases (Stt7/STN7 and Stl1/STN8) and their re-
spective counterpart phosphatases (PPH1/TAP38 and PBCP) determines the phosphor-
ylation status of the light-harvesting complex II and photosystem II core proteins.

8. Because of its intrinsic photochemical activity, photosystem II is prone to photodamage
and is continuously repaired through a process that involves reversible phosphorylation
of the core subunits of photosystem II, migration of the damaged complex from the grana
to the stroma lamellae for repair, and the complex’s return to the grana.
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Heather E. McFarlane, Anett Döring, and Staffan Persson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �69

Phosphate Nutrition: Improving Low-Phosphate Tolerance in Crops
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The Annual Review of Statistics and Its Application aims to inform statisticians and quantitative methodologists, as 
well as all scientists and users of statistics about major methodological advances and the computational tools that 
allow for their implementation. It will include developments in the field of statistics, including theoretical statistical 
underpinnings of new methodology, as well as developments in specific application domains such as biostatistics 
and bioinformatics, economics, machine learning, psychology, sociology, and aspects of the physical sciences.
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