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Abstract

Oxygenic photosynthetic organisms experience strong fluctuations in light intensity in their natural terrestrial and 
aquatic growth environments. Recent studies with both plants and cyanobacteria have revealed that Photosystem 
(PS) I is the potential target of damage upon abrupt changes in light intensity. Photosynthetic organisms have, how-
ever, developed powerful mechanisms in order to protect their photosynthetic apparatus against such potentially 
hazardous light conditions. Although the electron transfer chain has remained relatively unchanged in both plant 
chloroplasts and their cyanobacterial ancestors, the photoprotective and regulatory mechanisms of photosynthetic 
light reactions have experienced conspicuous evolutionary changes. In cyanobacteria, the specific flavodiiron pro-
teins (Flv1 and Flv3) are responsible for safeguarding PSI under rapidly fluctuating light intensities, whilst the thylakoid 
located terminal oxidases are involved in the protection of PSII during 12 h diurnal cycles involving abrupt, square-
wave, changes from dark to high light. Higher plants such as Arabidopsis thaliana have evolved different protective 
mechanisms. In particular, the PGR5 protein controls electron flow during sudden changes in light intensity by allow-
ing the regulation mostly via the Cytochrome b6f complex. Besides the function of PGR5, plants have also acquired 
other dynamic regulatory mechanisms, among them the STN7-related LHCII protein phosphorylation that is similarly 
responsible for protection against rapid changes in the light environment. The green alga Chlamydomonas reinhardtii, 
as an evolutionary intermediate between cyanobacteria and higher plants, probably possesses both protective mech-
anisms. In this review, evolutionarily different photoprotective mechanisms under fluctuating light conditions are 
described and their contributions to cyanobacterial and plant photosynthesis are discussed.

Key words: Cyanobacteria, flavodiiron proteins, green algae, PGR5, PGRL1, photodamage, photosynthesis, Photosystem 

I (PSI), plant, terminal oxidases.

Introduction

In natural growth environments, in addition to diurnal light-

dark cycles, plants and phytoplankton are often exposed to 

rapid �uctuations in light intensity. The position of the sun 

and clouds, and the wind-induced movement of leaves, lead to 

conditions where the photon �ux reaching the vegetation can 

increase and decrease with high frequency and several orders 

of magnitude (e.g. Ganeteg et al., 2004; Hirth et al., 2013). In 

many forests with closed canopies the situation is even more 

complicated and only a small fraction of light (0.5–5%) can 

penetrate the canopy and reach the understory vegetation. 

The dim and diffuse light environment of forest understory 

vegetation may, however, be frequently interrupted by short 

and strong sun�ecks.

Light conditions of aquatic organisms are also highly het-

erogeneous and dynamic. In aquatic environments, strong 

�uctuations of light are mainly caused by movements of 

waves, clouds, and the vertical migration of phytoplankton 

(for review, see Iluz et al., 2012). A  lens effect of waves, by 
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simultaneously focusing and diffusing light in the few upper 

metres, creates a high frequency of light �uctuations for 

phytoplankton. Due to the lens effect, the light intensity in 

aquatic environments could be increased by up to �ve times, 

reaching 9000  µmol photons m–2 s–1 with frequency higher 

than 1 Hz (Schubert et al., 2001).

Nevertheless, in laboratory conditions, experimental plants 

and microalgae are generally cultivated under constant illu-

mination or dark/light regimes that do not represent a nat-

ural light environment. Therefore, until very recently, more 

thorough information about physiological effects of sudden 

changes in light intensity on the photosynthetic apparatus of 

terrestrial plants and phytoplankton has been largely missing.

Photoprotection mechanisms of 
cyanobacteria under fluctuating light 
intensity

Cyanobacteria, comprising a large proportion of marine and 

freshwater phytoplankton, have been subjected to thorough 

investigation of mechanisms responsible for successfully cop-

ing with abrupt �uctuations in light intensity (Ibelings et al., 

1994; Nicklisch, 1998; Fietz and Nicklisch, 2002; MacKenzie 

and Campbell, 2005; Allahverdiyeva et al., 2013; Lea-Smith 

et al., 2013). Cyanobacteria represent the progenitors of plant 

chloroplasts and acquired in their early evolution speci�c 

mechanisms to cope with abrupt �uctuations in light inten-

sity. The key components of cyanobacterial photosynthetic 

apparatus responsible for survival under rapidly �uctuating 

light have so far been demonstrated to include speci�c mem-

bers of the �avodiiron protein (FDP) family and speci�c res-

piratory terminal oxidases. As to the FDPs, their absence has 

been shown to induce lethality under �uctuating light inten-

sity conditions in the unicellular, non-N2-�xing model cyano-

bacterium Synechocystis sp. PCC 6803 (hereafter referred 

as to Synechocystis) as well as in the �lamentous, N2-�xing 

Anabaena sp. PCC 7120 (also named Nostoc sp. PCC7120, 

and hereafter referred as to Anabaena) (Allahverdiyeva et al., 

2013). On the other hand, the respiratory terminal oxidases, 

cytochrome bd-type quinol oxidase (Cyd) and aa3-type 

cytochrome c oxidase (Cox), were shown to be crucial for 

Synechocystis during diurnal dark/high-light square-wave 

cycles (Lea-Smith et al., 2013). The FDP and Cyd/Cox mech-

anisms essential for cyanobacteria under rapidly changing 

light intensities are brie�y discussed below.

FDP proteins in cyanobacteria

FDPs, previously also called A-type �avoproteins (Flvs), 

were originally found in anaerobic Archaea, bacteria, and 

some eukaryotes. FDPs in these organisms protect the cells 

from NO and O2 toxicity (Wasserfallen et al., 1998; Vicente 

et  al., 2008). Bioinformatics analysis of the cyanobacterial 

genomes so far sequenced revealed genes with high homology 

to genes encoding FDPs in anaerobic bacteria (Zhang et al., 

2009, Peltier et al., 2010). Synechocystis possesses four genes 

encoding FDPs, Flv1–Flv4. BLAST and complete genome 

sequence analyses demonstrated that �lamentous N2-�xing 

cyanobacteria contain two extra copies of the hypothetical 

genes encoding the Flv1 and Flv3 proteins (Zhang et  al., 

2009). Fluorescence protein tagging of the four Anabaena 

FDPs revealed that the duplicates of the Flv1 and Flv3 pro-

teins are spatially segregated in the �laments, so that Flv1A 

and Flv3A are strictly present only in vegetative cells, while 

Flv1B and Flv3B are expressed only after combined nitro-

gen step-down and exclusively in heterocysts, where they 

are involved in protection of the N2-�xation apparatus 

(Ermakova et al., 2013, 2014).

The Flv1 and Flv3 proteins function during illumina-

tion and dissipate excess electrons by reducing O2 directly 

to water on the reducing side of Photosystem (PS) I.  As a 

consequence, mutants lacking the Flv1 and/or Flv3 protein 

do not show light-induced O2 uptake under standard growth 

conditions (Helman et al., 2003, 2005; Allahverdiyeva et al., 

2011). It is well known that during different stress conditions, 

the photoreduction of O2 on the reducing side of PSI also 

takes place in the chloroplasts of higher plants and green 

algae, in a process called the Mehler reaction (Mehler, 1957). 

Importantly, the Mehler reaction involves a production of 

reactive oxygen species (ROS). In contrast to the Mehler 

reaction, FDP-mediated O2 photoreduction in cyanobac-

teria does not generate ROS (Vicente et al., 2002). For this 

reason it is called a Mehler-like reaction or a cyanobacterial-

type Mehler reaction (Allahverdiyeva et  al., 2013). Recent 

studies demonstrated that the Flv1(A) and Flv3(A) proteins 

are crucial for survival of cyanobacteria under �uctuating 

light, i.e. when growth light is repeatedly interrupted with 

strong high-light phases (Allahverdiyeva et  al., 2013). The 

Flv2 and Flv4 proteins are not involved in O2 photoreduc-

tion (Helman et al., 2003) and their absence does not show 

any phenotype different from the wild type under �uctuat-

ing light (Allahverdiyeva et al., 2013). Instead, they function 

as a heterodimer in photoprotection of PSII under ambient 

levels of CO2 by passing excess electrons from the acceptor 

side of PSII to an as yet unknown electron acceptor (Zhang 

et al., 2009, 2012; Bersanini et al., 2014). Since the heterocyst-

speci�c Flv1B and Flv3B proteins (Ermakova et  al., 2013) 

are not involved in photoprotection of cyanobacteria under 

�uctuating light (Allahverdiyeva et al., 2013; Ermakova et al., 

2014), they are not discussed here.

Mechanisms leading to damage of photosynthetic 
apparatus under fluctuating light in cyanobacteria

Abruptly �uctuating light conditions, e.g. an FL20/500 regime 

when 20 µmol photons m–2 s–1 background light is punctured 

for 30 s with 500  µmol photons m–2 s–1 every 5 min, com-

pletely inhibit the growth of the Δ�v1, Δ�v3, and Δ�v1/Δ�v3 

mutants of Synechocystis and promote cell death. Exposure 

of cells to milder �uctuating light, e.g. an FL50/500 regime 

when 50 µmol photons m–2 s–1 background light is punctured 

for 30 s with 500 µmol photons m–2 s–1 every 5 min, results in 

an arrest of growth (Allahverdiyeva et al., 2013). Thus, the 

severity of consequences upon exposure of Synechocystis cells 

to �uctuating light is determined, at least in these particular 
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cases, by the intensity difference between the background 

light and high light phase. Similar behaviour was observed 

with the Δ�v1A and Δ�v3A mutants of Anabaena, lacking 

the functional Flv1A and Flv3A proteins (Allahverdiyeva 

et al., 2013) localized in the vegetative cells (Ermakova et al., 

2013). The Δ�v1/Δ�v3 mutant of Synechocystis treated under 

an FL20/500 regime for 2–3  days exhibited low net photo-

synthesis, impaired CO2 concentration/�xation capacity, and 

diminished PSI level, evidenced by a decrease in the PsaA 

protein content as well as in the maximum oxidizable P700, 

PM (Allahverdiyeva et al., 2013).

Monitoring the performance of PSII and PSI in the 

Δ�v1/Δ�v3 mutants grown under constant light, using DUAL-

PAM and mimicking of the �uctuating growth light-regime 

by actinic light, led to the identi�cation of primary targets 

behind malfunction of the photosynthetic apparatus in these 

conditions. It was clear that upon a shift from constant to �uc-

tuating light, always at the onset of high light illumination, 

the Δ�v1/Δ�v3 mutant cells experienced a signi�cant delay 

in oxidation of P700, due to a strong acceptor-side limita-

tion of PSI (Helman  et al., 2003; Allahverdiyeva et al., 2013). 

It was hypothesized that blockage of electron transport on 

the reducing-side of PSI possibly generates ROS production, 

damages PSI, and/or initiates a signalling cascade resulting 

in downregulation of PSI proteins. After 2–3 days of incu-

bation under �uctuating light, a preferential loss of the PSI 

complex led to an increase in the ratio of PSII to PSI. Thus, 

the over-reduction of the electron-transport chain during the 

high-light phase kept P700 completely reduced and limited 

net photosynthesis in the Δ�v1/Δ�v3 mutant. Malfunction 

of the PSI complex and strongly induced ROS production, 

apparently via the true Mehler reaction in the absence of Flv1 

and Flv3, led to irreversible cell damage and death upon pro-

longed incubation of the Δ�v1/Δ�v3 cells under severe �uc-

tuating light conditions (Allahverdiyeva et al., 2013). In line 

with this, it has been previously documented that superoxide 

can induce growth arrest in Synechocystis (Kim et al., 2009).

Respiratory terminal oxidases as important 
components involved in safeguarding the 
photosynthetic apparatus under fluctuating light

In cyanobacteria, respiratory electron transport components 

reside in both the cytoplasmic and thylakoid membranes. 

Therefore, in the thylakoid membrane, the two main bio-

energetic pathways, oxygenic photosynthesis and respira-

tion, share some redox components in a close functional 

relationship. Synechocystis possesses three respiratory ter-

minal oxidases: Cyd, Cox, and alternative respiratory termi-

nal oxidase (ARTO). Although there are a vast number of 

studies regarding the terminal oxidases in cyanoabacteria, a 

solid consensus about localization, function, and regulation 

is still missing (Howitt and Vermaas, 1998; Pils et al., 1997; 

Pils and Schmetterer, 2001; Berry et  al., 2002; Hart et  al., 

2005). BLAST analysis of sixty sequenced cyanobacterial 

genomes demonstrated that all cyanobacterial strains con-

tain at least one set of the genes encoding Cox (Lea-Smith 

et al., 2013). Cox is regarded as a major terminal oxidase and 

was suggested to function in the thylakoid membrane down-

stream of the Cytochrome b6f (Cytb6f) complex (Howitt 

and Vermaas, 1998). Another terminal oxidase, Cyd has 

been localized to the cytoplasmic membrane (Howitt and 

Vermaas, 1998) and to the thylakoid membrane and has been 

suggested to compete with the Cytb6f complex to oxidase the 

plastoquinone (PQ) pool (Berry et al., 2002). ARTO, in turn, 

has a main location in the cytoplasmic membrane and seems 

not to play a signi�cant role in cell metabolism (Howitt and 

Vermaas, 1998).

Interestingly, Synechocystis Δ�v1/Δ�v3 cells incubated 

under �uctuating light demonstrated signi�cant light-

induced O2 uptake, which was sensitive to KCN, an inhibi-

tor of the respiratory chain (Allahverdiyeva et  al., 2013). 

It is highly conceivable that the malfunction of PSI under 

�uctuating light triggers the activity of terminal oxidases in 

the Δ�v1/Δ�v3 mutant. This was, to our knowledge, the �rst 

direct evidence on the existence of light-induced O2 uptake 

by terminal oxidases in cyanobacteria, being based on use of 
18O2 isotope in membrane-inlet mass spectrometry (MIMS) 

analysis. However, from this experiment it is not possible to 

evaluate which one of the terminal oxidases is contributing to 

photoreduction of O2 in the Δ�v1/Δ�v3 mutant under �uctu-

ating light. Thus, the exact origin of light-induced O2 uptake 

in Δ�v1/Δ�v3 requires further investigation.

In line with the �ndings described above, Lea-Smith et al. 

(2013) demonstrated the signi�cance of Cyd and Cox ter-

minal oxidases during diurnal dark/high light square-wave 

cycles, where the ΔCox/ΔCyd double mutant demonstrated a 

lethal phenotype. Importantly, the presence of ARTO could 

not rescue the double mutant from the harmful effects of 

these abrupt changes in light intensity. Thus, it seems that 

the existence of at least one thylakoid membrane-localized 

terminal oxidase (Cox or Cyd) is an absolute prerequisite 

for the survival of Synechocystis during abrupt shifts from 

dark to high light. The severity of the phenotype was tightly 

dependent on the promptness and intensity of applied light: 

at 12 h dark/high light, sinusoidal-wave conditions, mimick-

ing diurnal light changes, the mutant demonstrated a less 

severe phenotype, and at constant growth or high light the 

cell growth was similar to that of the wild-type cells. The 

lack of both thylakoid-localized terminal oxidases, Cox and 

Cyd, was demonstrated to result in: (i) over-reduction of the 

photosynthetic electron transfer chain, which in turn induced 

photoinhibition; (ii) over-reduction of the respiratory chain 

and production of ROS in the dark; (iii) and insuf�cient dark 

ATP production essential for repair of impaired components 

of the photosynthetic apparatus, particularly PSII damaged 

during the high-light phase (Lea-Smith et  al., 2013). More 

precise evidence about the function of the terminal oxidases 

as a safety valve in photosynthetic electron transport dur-

ing abrupt and periodic changes of light intensity remains to 

be elucidated. Nevertheless, based on the current literature 

on cyanobacterial mechanisms of survival under �uctuating 

light, it can be concluded that protection of PSII is based 

on activity of the terminal oxidases (Lea-Smith et al., 2013), 

whereas photoprotection of PSI relies on the function of the 

Flv1 and Flv3 proteins on the acceptor side of PSI safely 
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directing electrons to molecular oxygen (Allahverdiyeva 

et al., 2013).

Green algae and lower land plants also have the Flv1 
and Flv3 proteins

Phylogenetic analysis has demonstrated that green algae and 

lower land plants also possess genes showing a homology to 

�v genes (Zhang et al., 2009; Peltier et al., 2010). The genome 

of the model green alga Chlamydomonas reinhardtii (hereafter 

Chlamydomonas) holds two genes, �vA (Cre12.g531900) and 

�vB (Cre16.g691800), which are homologues of cyanobacte-

rial �v1 and �v3. Enhanced accumulation of the FLVA and 

FLVB proteins, together with increased O2 photoreduction 

activity in the pgrl1 mutant, has suggested a possible function 

of these proteins in a Mehler-like reaction in Chlamydomonas 

(Dang et al., 2014). It is conceivable that the FLVA and FLVB 

proteins also play a safeguarding role under �uctuating light in 

Chlamydomonas, similarly to their homologues, the Flv1 and 

Flv3 proteins, in cyanobacteria. Nevertheless, more detailed 

studies are required, including the generation and characteri-

zation of �vA and/or �vB mutants of Chlamydomonas and 

in-depth analysis of their behaviour under �uctuating light.

Photoprotection mechanisms of higher plant 
photosystems under light intensity fluctuations

Contrary to cyanobacteria, microalgae, and lower terrestrial 

land plants, the seed plants do not have FDPs to protect their 

photosystems. Consequently, they have developed different 

mechanisms to cope with abruptly changing light intensities 

in the prevailing oxygenic environment.

PGR5 as a major component of acclimation to 
fluctuating light in plant chloroplasts

The pgr5 mutant of Arabidopsis thaliana (hereafter, 

Arabidopsis), previously characterized as a high-light sensi-

tive and proton gradient-de�cient mutant (Munekage et al., 

2002, 2004; Okegawa et al., 2007), turned out in subsequent 

experiments to be lethal under strongly �uctuating light con-

ditions (Tikkanen et al., 2010; Suorsa et al., 2012).

Originally, the pgr5 mutant was identi�ed in a mutant 

screen based on its inability to perform non-photochemical 

quenching (NPQ) upon exposure to high light (Munekage 

et al., 2002). Furthermore, and in contrast to the wild type, 

pgr5 was unable to oxidize P700 under high intensities of 

actinic light. This was reported to be mostly due to limited 

electron acceptance from PSI rather than to a nonfunctional 

PSI. Importantly, PSI in pgr5 was shown to be prone to 

photodamage upon exposure to high light. The correspond-

ing mutation was subsequently identi�ed as an amino acid 

substitution in a previously unknown chloroplast protein 

of low molecular weight, named PROTON GRADIENT 

REGULATION5, which was suggested to have a role as a 

mediator of antimycin A-sensitive cyclic electron �ow (CET) 

around PSI (Munekage et  al., 2002; Sugimoto et  al. 2013). 

Although the pgr5 mutant shows a wild-type-like phenotype 

under constant light conditions, the pgr5 crr2 double mutant, 

which also lacks another CET route mediated by the NAD(P)

H dehydrogenase [NDH]-like complex, revealed a stunted 

phenotype and impaired photosynthetic parameters. Thus, 

the PSI CET is important not only for C4 plants but also 

for C3 plants (Munekage et  al., 2004). Yet another pro-

tein, PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE1 

(PGRL1), has been characterized and shown to interact 

with PGR5 and with PSI (Dal Corso et al., 2008). PGRL1 

has demonstrated a capacity to accept electrons from ferre-

doxin and reducing quinones, thus strongly suggesting that 

PGRL1 is actually the long-sought ferredoxin-plastoquinone 

reductase, FQR (Hertle et al., 2013). On the other hand, the 

roles of the PGR5 and PGRL1 proteins in Arabidopsis PSI 

CET have also been heavily debated. Some reports provide 

evidence that, to some extent, the pgr5 and pgrl1 mutants 

are also capable of performing CET and only under speci�c 

conditions; for example, under high light or CO2 limitation, 

the CET was found to be impaired in these mutants (Nandha 

et al., 2007; Dal Corso et al., 2008; Joliot and Johnson, 2011; 

Kono et  al., 2014). Thus, it is likely that rather than being 

absolute requirements, the PGR5 and PGRL1 proteins are 

needed to regulate and facilitate CET.

Although growth of the pgr5 mutant was shown to be 

hampered under high light (Munekage et  al., 2008), the 

mutant plants still demonstrate viability under constant high-

light growth conditions (Grieco et  al., 2012; Suorsa et  al., 

2012). The fact that the lethal phenotype of the pgr5 single 

mutant appears only under �uctuating light (Tikkanen et al., 

2010; Suorsa et al., 2012) points to a unique function of the 

PGR5 protein that enables plants to survive under �uctuat-

ing light conditions. To address the function of the photo-

synthetic electron transfer reactions under �uctuating light in 

more detail, the wild-type and pgr5 plants were grown under 

mildly �uctuating light (FL50/350, i.e. 50 μmol photons m–2 

s–1 background light interrupted every 5 min by a 1 min high-

light pulse of 350 μmol photons m–2 s–1) that partially rescued 

the growth of the pgr5 mutant. Plants were then subjected 

to measurements of PSII and PSI functionality by DUAL-

PAM, applying the actinic light that mimics the strongly �uc-

tuating light conditions that kill the pgr5 mutant in the longer 

term (FL50/500, 50 μmol photons m–2 s–1 background light 

interrupted every 5 min by 1 min high light pulse of 500 μmol 

photons m–2 s–1) (Suorsa et  al., 2012). In wild-type plants, 

application of the 1 min high-light phases in the �uctuat-

ing light induced ef�cient NPQ, oxidized P700, and gener-

ated high proton motive force, whereas the pgr5 plants were 

not able to induce NPQ, and proton motive force and P700 

remained reduced (Suorsa et al., 2012), as was the case with 

the Δ�v1/Δ�v3 mutant of cyanobacteria under similar light 

intensity �uctuations (Allahverdiyeva et al., 2013).

Acceptor-side limitation of PSI (Nandha et al., 2007; Kono 

et al., 2014) and uncontrolled electron �ow from PSII dur-

ing high-light phases causes damage to PSI in pgr5, demon-

strated by a decline in PM, the maximum oxidizable amount 

of P700, and by a strong depletion of the PSI reaction cen-

tre protein PsaB, particularly under �uctuating light condi-

tions (Joliot and Johnson, 2011; Suorsa et al., 2012). When 
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electron transfer from PSII was blocked with DCMU, the 

high-light-induced damage to PSI was also largely abolished 

in pgr5. Indeed, it has been shown that 30–40% reduction in 

the amount of active PSII is enough to protect PSI against 

photodamage upon exposure of the pgr5 mutant to high light 

(Tikkanen et al., 2014). It is conceivable that a high amount 

of PSII is needed in plants for suf�cient electron �ow under 

low light conditions, whereas under high light conditions this 

potentially leads to damage of the PSI complex.

The safeguarding of PSI against photodamage is par-

ticularly important under �uctuating light. Such protection 

involves redox poising of stromal components downstream 

of PSI via PGR5-dependent control of linear electron �ow 

through the Cyt b6f complex (Suorsa et al., 2012). The exact 

mechanisms of this ‘photosynthetic control’, i.e. regulation 

of linear electron �ow, are not known. Changes in lume-

nal pH that lead to transthylakoid ΔpH have been shown 

to regulate linear electron �ow (Joliot and Johnson, 2011; 

Rott et al., 2011; Suorsa et al., 2012). It has also previously 

been shown that the redox poise of stroma, particularly the 

NADPH pool, is responsible for regulation of Cytb6f control 

(Johnson, 2005; Hald et al., 2008).

In the wild type, rapid induction of NPQ upon increase in 

light intensity avoids over-reduction of the PQ-pool. However, 

the absence of NPQ seems only to play an indirect role in 

acclimation to �uctuating light. Although the pgr5 mutant is 

incapable of triggering proper NPQ (Munekage et al., 2002; 

Suorsa et al., 2012; Sato et al., 2014), the NPQ mutants npq4 

and npq1 do not show the pgr5-phenotype under arti�cially 

(Tikkanen et al., 2010) or naturally �uctuating light condi-

tions in the �eld (Kühlheim et al., 2002; Frenkel et al., 2007).

Interestingly, the deleterious effect of �uctuating light on 

PSI depends on plant developmental stage, as young leaves 

were found to be more susceptible to damage than mature 

ones (Suorsa et  al., 2012). The pgr5 seeds germinating and 

developing under strongly �uctuating light were able to 

develop only cotyledons and small �rst true leaves before 

withering, presumably after using up the seed endosperm 

energy. In contrast, when wild-type and pgr5 plants were 

�rst grown under constant light until development of the 

mature rosettes and only thereafter transferred to �uctuating 

light, pgr5 survived for weeks under �uctuating light, even 

though both the functionality and the amount of PSI were 

compromised (Suorsa et al., 2012). It is thus conceivable that 

the young, fast-growing tissues are particularly vulnerable to 

alterations in the level of PSI. Indeed, it is known that the 

level of PSI in mature leaves remains rather stable, but var-

ies more in young leaves (Schöttler et  al., 2011); moreover, 

the levels of PSI assembly factors Ycf4 and PPD1 have been 

shown to be higher in young leaves than in mature leaves 

(Krech et al., 2012; Liu et al., 2012).

Recently, the effect of �uctuating light on the pgr5 mutant 

plants was further addressed by exposing the wild-type and 

pgr5, grown under constant light, to �uctuating light-inten-

sity regimes of low light (30 μmol photons m–2 s–1) and high 

light (240  μmol photons m–2 s–1) every 2 min (Kono et  al., 

2014). Drastic photoinhibition of PSI was evident in pgr5 as 

demonstrated earlier (Suorsa et al., 2012), but the wild-type 

plants also exhibited some PSI acceptor-side limitation 

(Kono et  al., 2014). It has been shown that the wild-type 

plants grown under �uctuating light accumulate foliar H2O2 

as well as ROS-scavenging superoxide dismutase (Alter et al., 

2012; Suorsa et al., 2012) and show a pronounced increase 

in the amount of the PsaB protein as compared to wild-type 

plants grown under constant light (Suorsa et  al., 2012). It 

seems likely that the acclimation strategy of wild-type plants 

to �uctuating light involves not only the controlled regula-

tion of electron �ow by the PGR5 protein, but also triggers 

an enhanced capacity to cope with ROS and to adjust the 

photosystem stoichiometry. This strategy is also evident upon 

variations in the duration and intensity of sun�ecks, e.g. brief  

and strong sun�ecks generally enhance photoprotection and 

energy dissipation, whereas longer periods of high light allow 

upregulation of electron-transport rate in Arabidopsis (Alter 

et al., 2012).

Other components of the chloroplast thylakoid 
membrane involved in coping with fluctuating light

Several thylakoid regulatory proteins, besides PGR5, have been 

tested for a �uctuating light phenotype (Tikkanen et al., 2010; 

Grieco et  al., 2012). The most striking phenotypes, beyond 

pgr5, have been identi�ed for the stn7 and tlp18.3 mutants.

The STN7 kinase (Bella�ore et  al., 2005; Bonardi et  al., 

2005) is responsible for phosphorylation of light-harvest-

ing complex II (LHCII) proteins Lhcb1 and Lhcb2. LHCII 

becomes phosphorylated upon a shift of plants from darkness 

to light or from high light to low light (Rintamäki et al., 1997, 

2000). The stn7 mutant plants were shown to have a growth 

retardation phenotype when the low and high light intensi-

ties were �uctuating in 1-hour intervals (Bella�ore et al., 2005) 

but the underlying molecular mechanism was not investigated 

further. As the reversible LHCII phosphorylation changes are 

rather slow, occurring in several-minute and tens-of-minute 

time scales, it is conceivable that malfunction of such revers-

ible changes resulted in the stunted phenotype of stn7. The 

frequency of light intensity changes in natural environments 

caused, for example, by movement of clouds or by sun�ecks, 

is often extremely high. Under such conditions, the phospho-

rylation level of the LHCII proteins remains fairly constant 

(Grieco et  al., 2012). Consequently, the protective role of 

steady state LHCII protein phosphorylation was addressed 

by exposing plants to abrupt short-term �uctuations in light 

intensity (Tikkanen et al., 2010, 2011). When the stn7 plants 

were exposed to a �uctuating light regime (50 μmol photons 

m–2 s–1 background light interrupted every 5 min by a 1 min 

high-light pulse of 500 μmol photons m–2 s–1), a strong growth 

phenotype appeared (Tikkanen et  al., 2010, 2011). These 

experiments with the stn7 mutant demonstrated a redox 

imbalance of the PQ-pool, especially upon rapid relaxation 

of NPQ during a shift of leaves from high to low light, sug-

gesting the importance of the STN7 kinase and steady-state 

LHCII phosphorylation during relaxation of NPQ (Tikkanen 

et al., 2010, 2011). Subsequent in-depth analyses on the func-

tionality of PSII and PSI upon �uctuations in light intensity 

revealed the molecular mechanisms behind the protective role 
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of steady-state LHCII protein phosphorylation (Grieco et al., 

2012). It was revealed that when the STN7 kinase is missing 

(stn7 and npq4 stn7), the shift from low to high light always 

causes a short acceptor-side limitation of PSI (Grieco et al., 

2012). It was further shown that in the absence of steady-

state LHCII phosphorylation, there is a functional imbalance 

between PSII and PSI, always in the low-light phase (PSII 

excitation is higher than that of PSI), leading to accumulation 

of electrons in the electron-transport chain. Particularly, the 

electrons accumulating between the Cytb6f and PSI appeared 

dangerous to PSI upon a subsequent high-light pulse. It is 

highly conceivable that a burst of electrons from plastocya-

nin, located beyond the control of the Cytb6f complex, was 

detrimental to PSI, inducing photodamage similar to that 

observed in the pgr5 mutant (Grieco et al., 2012).

It is important to note that the stn7 mutant grows like the 

wild type in constant light, due to the fact that it compensates 

for the lack of steady-state LHCII phosphorylation in energy 

transfer to PSI by increasing the number of PSI complexes 

in relation to the PSII complexes (Grieco et al., 2012). Based 

on this compensation mechanism, the stn7 plants, �rst grown 

under constant light and thereafter transferred to �uctuating 

light, do not suffer from PSI damage. Recently, a model was 

presented to explain how the two delta-pH regulated mech-

anisms, the thermal energy dissipation and the control of 

electron �ow via the Cytb6f complex, co-operate with redox-

controlled thylakoid protein phosphorylation and collectively 

enable maintenance of the functional balance of photosyn-

thetic light reactions during �uctuations in light intensity 

(Tikkanen and Aro, 2014).

Depletion of TLP18.3 protein induces a fluctuating light 
phenotype

The acidic phosphatase protein TLP18.3 is involved in regu-

lation of the PSII repair cycle via its effect on degradation 

of the photodamaged D1 protein (Sirpiö et  al., 2007; Wu 

et al., 2011). Interestingly, the tlp18.3 mutant was also shown 

to suffer from reduced growth as compared to the wild type 

under �uctuating light (Sirpiö et  al., 2007). Thus, it seems 

likely that besides the PGR5 and STN7 proteins, the proper 

regulation of PSII function via a controlled PSII turnover or 

photoinhibition (Tikkanen et al., 2014) also represents one of 

the important factors ensuring proper growth under �uctuat-

ing light. Currently, the variety of acclimation mechanism(s) 

that the wild-type plants use in coping with �uctuating light 

is being investigated at transcriptional, proteomic, and func-

tional levels (Aro et al., in preparation).

Different strategies are applied by photosynthetic 
organisms to cope with fluctuating light intensities

During the past few years it has become apparent that the PSI 

complex requires speci�c safeguarding in all oxygenic photo-

synthetic organisms under abrupt changes in light intensity. 

Today, the molecular mechanisms of such protective strate-

gies are under extensive investigation and it has become evi-

dent that they have undergone conspicuous changes during 

evolution.

In plants, the PGR5 protein plays an essential role dur-

ing the high-light phases of �uctuating light, while the STN7 

kinase, by maintaining steady-state LHCII phosphoryla-

tion, is important during low-illumination phases to keep 

the electron-transport chain oxidized (Tikkanen et al., 2010; 

Suorsa et al., 2012; Grieco et al., 2012; Tikkanen and Aro, 

2014). Genome analyses of 71 sequenced cyanobacteria 

showed no sequences similar to the Arabidopsis gene encod-

ing STN7, whereas 13 cyanobacteria contain a gene encoding 

a PGR5-like protein with sequence similarity from 50.77 to 

66.15% when compared to Arabidopsis PGR5 (Table 1). In 

particular, Synechocystis possesses an open reading frame, 

ssr2016, encoding a protein with low sequence similarity to 

Table 1. BLAST analysis of the pgr5 gene in sequenced cyanobacteria genomes

Gene ID Locus tag Product name Scaffold ID Genome

641252325 AM1_3236 PGR5 involved in CET NC_009925 Acaryochloris marina 

MBIC11017

641611487 SYNPCC7002_A1477 Hypothetical protein NC_010475 Synechococcus sp. PCC 7002

641676146 cce_1663 Hypothetical protein NC_010546 Cyanothece sp. BH68, ATCC 

51142

643580580 Cyan7425_5437 PGR5 involved in CET NC_011880 Cyanothece sp. PCC 7425

651078550 SYNGTS_0815 Hypothetical protein AP012205 Synechocystis sp. GT-S, PCC 

6803

2022829473 CYJSC1_DRAFT_08460 Hypothetical protein CYJSC1_DRAF_scaffold00069 Leptolyngbya sp. JSC-1

2503797998 Sta7437_4735 Hypothetical protein Scya7437_Contig545 Stanieria cyanosphaera PCC 

7437

2503887471 Lepto7376_1857 Hypothetical protein Lsp7376_Contig1125 Leptolyngbya sp. PCC 7376

2509429018 Syn6312_0977 Hypothetical protein Syn6312_Contig100.1 Synechococcus sp. PCC 6312

2509573793 Ple7327_1910 Hypothetical protein Ple7327_Contig355.1 Pleurocapsa sp. PCC 7327

2509811040 Nos7524_3471 hypothetical protein Nos7524_Contig213.1 Nostoc sp. PCC 7524

2558009256 Osccy1DRAFT_02323 Hypothetical protein Osccy1DRAFT_CYJSC1_ 

DRAF_scaffold00069.1

Leptolyngbya sp. JSC-1

2562386077 MYO_18200 Hypothetical protein CP003265 Synechocystis sp. PCC 6803
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PGR5 in Arabidopsis and which putatively participates in 

FQR-mediated CET around PSI (Yeremenko et al., 2005). In 

contrast to the PGR5 mutant of higher plants, the ssr2016 

deletion mutant of Synechosystis did not demonstrate a �uc-

tuating-light phenotype, implying that the PGR5-like protein 

in cyanobacteria is not important for survival under �uctuat-

ing light (Allahverdiyeva et al., 2013). Moreover, cyanobac-

terial genomes do not contain a pgrl1 gene, which has been 

shown to be important for FQR-mediated CET in chloro-

plasts of plants (DalCorso et. al., 2008, Hertle et al., 2013) 

and green algae (Petroutsos et al., 2009; Tolleter et al., 2011).

Interestingly, several microalgae genomes possess both the 

�v and pgr5 genes, showing high similarity with cyanobacte-

rial and Arabidopsis genes, respectively (Zhang et al., 2009; 

Peltier et al., 2010). The possible involvement of these pro-

teins in safeguarding the photosynthetic apparatus of green 

algae under �uctuating light intensities has not yet been stud-

ied. However, it is highly possible that in green algae, particu-

larly in Chlamydomonas, both pathways are functional.

A Chlamydomonas pgrl1 knock-out mutant, de�cient in 

PGRL1-mediated CET, under an FL50/800 regime (50 µmol 

photons·m–2·s–1 background light punctured for 1 min with 

800 µmol photons·m–2·s–1 every 5 min) and ambient CO2 condi-

tions, demonstrated reduced growth compared to the wild type. 

Such a decrease in growth rate is explained by the incapability 

of pgrl1 mutant cells to take advantage of the applied high-light 

pulses, without the possible damage of the PSI complex (Dang 

et al., 2014). The PGRL1-related CET seems to be essential in 

Chlamydomonas during low-to-high-light transition, not dur-

ing steady-state growth under different light intensities. Thus, at 

least in this respect, the function of PGRL1 Chlamydomonas is 

analogous to that of the Flv1 and Flv3 proteins in cyanobacte-

ria and the PGR5 protein in Arabidopsis.

From the experiments performed so far, it is too early 

to evaluate whether the FLV- or PGRL1-mediated route 

is more important for Chlamydomonas under �uctuating 

light, and how these two routes are regulated. Compared 

to the pgr5 mutant of Arabidopsis (Tikkanen et  al. 2010, 

Suorsa et  al. 2012), it is obvious that the pgrl1 mutant of 

Chlamydomonas demonstrates only a mild growth phenotype 

under �uctuating light. This might be related to the fact that 

Chlamydomonas FLVA and FLVB proteins also possibly func-

tion in the dissipation of excess electrons and, in the absence 

of one mechanism, the other one is upregulated as a com-

pensating mechanism (Dang et  al., 2014). Further research 

by comparative analyses of the pgr5 and pgrl1 mutants of 

Chlamydomonas and Arabidopsis under �uctuating light will 

shed light on many open questions.

Concluding remarks

When considering abrupt and rapid �uctuations in light 

intensity, it is clear that the PSI complex is the most vulner-

able component of the photosynthetic electron transfer chain 

(Suorsa et al., 2012; Grieco et al., 2012; Allahverdiyeva et al., 

2013; Kono et  al., 2014, Sejima et  al., 2014). Nevertheless, 

cyanobacteria, algae, and plants have evolved sophisticated 

mechanisms, with intriguing evolutionary differences, to cope 

with rapid changes in light intensity (Fig. 1).

Fig 1. A schematic view of electron-transfer components operating in 
different photosynthetic organisms under fluctuating light conditions. 
The main components of the photosynthetic electron transport chain 
participating in safeguarding the photosynthetic apparatus upon rapidly 
changing light conditions are marked with red. The target of the damage 
caused by fluctuating light is shown as a yellow explosion. Other 
components also possibly involved in photoprotection are marked in 
violet. The FDP proteins Flv1 and Flv3 in cyanobacteria and the PGR5 
and STN7 proteins in Arabidopsis play an essential role in protection of 
the photosynthetic machinery, particularly PSI, under fluctuating light 
conditions. Terminal oxidases (Cyd and Cox, marked as red/black) are 
involved in protection of cyanobacterial cells during dark-to-high light 
cycles, but their role upon frequent interruption of background low light 
(e.g. sunflecks) has not been studied so far. In Chlamydomonas the 
PGRL1 protein is essential under fluctuating light. Chlamydomonas also 
possesses the PGR5, STT7, FLVA, and FLVB proteins. It is conceivable 
that these proteins play a safeguarding role under fluctuating light 
conditions similarly to their homologues in cyanobacteria and plants. 
Nevertheless, the involvement of these proteins in acclimation of 
Chlamydomonas to fluctuating light remains to be further investigated. 
PTOX might also have a protective function under fluctuating light in 
Arabidopsis and Chlamydomonas. However, any direct evidence for the 
role of this protein in safeguarding either PSII or PSI under fluctuating light 
is completely missing.
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Cyanobacteria possess several regulatory elements facilitat-

ing acclimation of the cells to abrupt �uctuations in the light 

environment. These include: (i) a high PSI/PSII ratio that is 

characteristic of cyanobacteria, enabling a rapid oxidation 

of the PQ-pool during illumination and creating favourable 

conditions under high-light phases; (ii) high traf�c in cyano-

bacterial thylakoid membranes, due to the signi�cant input 

and output of electrons via coexisting respiratory chains and 

the presence of terminal oxidases which provide additional, 

�exible mechanisms for the regulation of photosynthetic elec-

tron transport; (iii) the Flv1 and Flv3 proteins as a powerful 

safety valve, redirecting from 20–25% (Helman et al., 2005) 

up to 60% of electrons to O2 under speci�c conditions, thus 

playing a crucial role in controlling linear electron �ow under 

�uctuating light conditions (Allahverdiyeva et al., 2011).

In contrast to cyanobacteria, the protection of Arabidopsis 

photosynthetic apparatus under �uctuating light mainly occurs 

via the PGR5-related mechanism when the intersystem elec-

tron �ow through the Cyt b6f complex is strictly controlled and 

thus the PSI complex is protected from excess electron �ow 

upon abrupt increase in the light intensity. This is of particular 

importance for protection of PSI in plant chloroplasts when the 

electron acceptors in the stroma are reduced. Plants have also 

acquired additional dynamic mechanisms that respond to fast 

changes in the light environment. Speci�cally, the PsbS-mediated 

NPQ mechanism and the STN7-related steady-state phospho-

rylation of the LHCII proteins are important in providing addi-

tional �exibility for tuning the ATP/NADPH ratio. It is highly 

possible that in green algae, particularly in Chlamydomonas, 

both FLV and PGRL1 pathways are functional. Moreover, it is 

important to note that lower land plants like mosses and lyco-

phytes also have genes related to �v1 and �v3.

The reason behind the gradual disappearance of FDPs 

during higher plant evolution and replacement with differ-

ent mechanisms is not clear. Several hypothetical reasons, 

however, can be suggested. (i) It is possible that during 

the evolution of oxygenic photosynthetic organisms, the 

‘NADPH-wasting’ FDPs have been replaced with more 

energy-ef�cient mechanisms, such as the PGR5- and STN7-

related regulation of linear electron transport. (ii) It is also 

conceivable that the movement of life from oceans to land, 

accompanied by modi�ed light �uctuation patterns and gra-

dients of O2 exposure, as well as a lack of carbon-concentrat-

ing mechanisms in C3 plants, pushed evolution against FDPs 

in land plants. (iii) Taking into account that the diffusion 

coef�cient of O2 is about 10 000-fold greater in air than in 

water, it is possible that FDPs act ef�ciently on O2 concen-

tration gradients in aquatic environments, but less ef�ciently 

in the air. Thus, the replacement of FDPs with other photo-

protection mechanisms in higher plants might have provided 

more ef�ciently functioning photosynthetic machinery under 

an oxygenic atmosphere.

Funding

This research was �nancially supported by the Academy of 

Finland projects 271832 and 273870 to E-MA, 260094 to MT 

and the Kone foundation to YA.

References
Allahverdiyeva Y, Ermakova M, Eisenhut M, Zhang P, Richaud P, 
Hagemann M, Cournac L, Aro EM. 2011. Interplay between flavodiiron 
proteins and photorespiration in Synechocystis sp. PCC 6803. The Journal 
of Biological Chemistry 286, 24007–240148.

Allahverdiyeva Y, Mustila H, Ermakova M, Bersanini L, Richard P, 
Ajlani G, Batchikova N, Cournac L, Aro EM. 2013. Flavodiiron proteins 
Flv1 and Flv3 enable cyanobacterial growth and photosynthesis under 
fluctuating light. Proceedings of the National Academy of Sciences, USA 
110, 4111–4116.

Alter P, Dreissen A, Luo F-L, Matsubara S. 2012. Acclimatory 
responses of Arabidopsis to fluctuating light environment: comparison of 
different sunfleck regimes and accessions. Photosynthesis Research 113, 
221–237.

Bellafiore S, Barneche F, Peltier G, Rochaix JD. 2005. State 
transitions and light adaptation require chloroplast thylakoid protein kinase 
STN7. Nature 433, 892–895.

Berry S, Schneider D, Vermaas WFJ, Rögner M. 2002. Electron 
transport routes in whole cells of Synechocystis sp. strain PCC 6803: the 
role of the cytochrome bd-type oxidase. Biochemistry 41, 3422–3429.

Bersanini L, Battchikova N, Jokel M, Rehman A, Vass I, 
Allahverdiyeva Y, Aro EM. 2014. Flavodiiron protein Flv2/Flv4-related 
photoprotective mechanism dissipates excitation pressure of PSII in 
cooperation with phycobilisomes in cyanobacteria. Plant Physiology 164, 
805–818.

Bonardi V, Pesaresi P, Becker T, Schleiff E, Wagner R, Pfannschmidt 
T, Jahns P, Leister D. 2005. Photosystem II core phosphorylation and 
photosynthetic acclimation require two different protein kinases. Nature 
437, 1179–1182.

Dal Corso G, Pesaresi P, Masiero S, Aseeva E, Schünemann D, 
Finazzi G, Joliot P, Barbato R, Leister D. 2008. A complex containing 
PGRL1 and PGR5 is involved in the switch between linear and cyclic 
electron flow in Arabidopsis. Cell 132, 273–285.

Dang K-V, Plet J, Tolleter D et al. 2014. Combined increases in 
mitochondrial cooperation and oxygen photoreduction compensate 
deficiency in cyclic electron flow in Chlamydomonas. The Plant Cell 26, 
3036–3050.

Ermakova M, Battchikova N, Allahverdiyeva Y, Aro EM. 2013. Novel 
heterocyst-specific flavodiiron proteins in Anabaena sp. PCC 7120. FEBS 
Letters 587, 82–87.

Ermakova M, Battchikova N, Richaud P et al. 2014. Heterocyst-
specific flavodiiron protein Flv3B enables oxic diazotrophic growth of the 
filamentous cyanobacterium Anabaena sp. PCC 7120. Proceedings of the 
National Academy of Sciences, USA 111, 11205–11210.

Fietz S, Nicklisch A. 2002. Acclimation of the diatom Stephanodiscus 
neoastraea and the cyanobacterium Planktothrix agardhii to simulated 
natural light fluctuations. Photosynthesis Research 72, 95–106.

Frenkel M, Bellafiore S, Rochaix J, Jansson S. 2007 Hierarchy 
amongst photosynthetic acclimation responses for plant fitness. 
Physiologia Plantarum 129, 455–459.

Ganeteg U, Kulheim C, Andersson J, Jansson S. 2004. Is each light-
harvesting complex protein important for plant fitness? Plant Physiology 
134, 502–509.

Grieco M, Tikkanen M, Paakkarinen V, Kangasjarvi S, Aro EM. 
2012. Steady-state phosphorylation of light-harvesting complex II proteins 
preserves photosystem I under fluctuating white light. Plant Physiology 
160, 1896–1910.

Hald S, Nandha B, Gallois P, Johnson GN. 2008. Feedback regulation 
of photosynthetic electron transport by NADP(H) redox poise. Biochimica 
et Biophysica Acta 1777, 433–440.

Hart SE, Schlarb-Ridley BG, Bendall DS, Howe CJ. 2005. Terminal 
oxidases of cyanobacteria. Biochemical Society Transactions 33, 
832–835.

Helman Y, Barkan E, Eisenstadt D, Luz B, Kaplan A. 2005. 
Fractionation of the three stable oxygen isotopes by oxygen-producing 
and oxygen-consuming reactions in photosynthetic organisms. Plant 
Physiology 138, 2292–2298.

Helman Y, Tchernov D, Reinhold L, Shibata M, Ogawa T, Schwarz 
R, Ohad I, Kaplan A. 2003. Genes encoding A-type flavoproteins are 
essential for photoreduction of O2 in cyanobacteria. Current Biology 13, 
230–235.

2434 | Allahverdiyeva et al.
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/9

/2
4
2
7
/6

7
6
3
4
4
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Hertle AP, Blunder T, Wunder T, Pesaresi P, Pribil M, Armbruster 
U, Leister D. 2013. PGRL1 is the elusive ferredoxin-plastoquinone 
reductase in photosynthetic cyclic electron flow. Molecular Cell 49, 
511–523.

Hirth M, Dietzel L, Steiner S, Ludwig R, Weidenbach H, Pfalz J, 
Pfannschmidt T. 2013. Photosynthetic acclimation responses of maize 
seedlings grown under artificial laboratory light gradients mimicking natural 
canopy conditions. Frontiers in Plant Science 4, 1–12.

Howitt CA, Vermaas WFJ. 1998. Quinol and cytochrome oxidases 
in the cyanobacterium Synechocystis sp. PCC 6803. Biochemistry 37, 
17944–17951.

Ibelings BW, Kroon BMA, Mur LR. 1994. Acclimation of photosystem 
II in a cyanobacterium and a eukaryotic green alga to high and fluctuating 
photosynthetic photon flux densities, simulating light regimes induced by 
mixing in lakes. New Phytologist 128, 407–424.

Iluz D, Alexandrovich I, Dubinsky Z. 2012. The enhancement of 
photosynthesis by fluctuating light. In: Najafpour MM, ed. Agricultural and 
biological sciences: artificial photosynthesis . InTech, 115–134.

Johnson GN. 2005. Cyclic electron transport in C3 plants: fact or 
artefact? Journal of Experimental Botany 56, 407–416.

Joliot P., Johnson GN. 2011. Regulation of cyclic and linear electron flow 
in higher plants. Proceedings of the National Academy of Sciences, USA 
108, 13317–13322.

Kim E-J, Kim J-S, Rhee HJ, Lee JK. 2009. Growth arrest of 
Synechocystis sp. PCC6803 by superoxide generated from heterologously 
expressed Rhodobacter sphaeroides chlorophyllide a reductase. FEBS 
Letters 583, 219–223.

Kono M, Noguchi K, Terashima I. 2014. Roles of the cyclic electron 
flow around PSI (CEF-PSI) and O2-dependent alternative pathways in 
regulation of the photosynthetic electron flow in short-term fluctuating light 
in Arabidopsis thaliana. Plant Cell Physiology 55 990–1004.

Krech K, Ruf S, Masduki FF, Thiele W, Bednarczyk D, Albus CA, 
Tiller N, Hasse C, Schöttler MA, Bock R. 2012. The plastid genome-
encoded Ycf4 protein functions as a nonessential assembly factor for 
photosystem I in higher plants. Plant Physiology 159, 579–591.

Külheim C, Ågren J, Jansson S. 2002. Rapid regulation of light 
harvesting and plant fitness in the field. Science 297, 91–93.

Lea-Smith DJ, Ross N, Zori M, Bendall DS, Dennis JS, Scott 
SA, Smith AG, Howe CJ. 2013. Thylakoid terminal oxidases are 
essential for the cyanobacterium Synechocystis sp. PCC 6803 to 
survive rapidly changing light intensities. Plant Physiology 162, 
484–495.

Liu J, Yang H, Lu Q, Wen X, Chen F, Peng L, Zhang L, Lu C. 2012. 
PSBP-DOMAIN PROTEIN1, a nuclear-encoded thylakoid lumenal protein, 
is essential for photosystem I assembly in Arabidopsis. The Plant Cell 24, 
4992–5006.

MacKenzie TDB, Campbell D.A. 2005. Cyanobacterial acclimation to 
rapidly fluctuating light is constrained by inorganic carbon status. Journal 
of Phycology 41, 801–811.

Mehler AH. 1957. Studies on reactions of illuminated chloroplasts. 
I. Mechanism of the reduction of oxygen and other Hill reagents. Archives 
of Biochemistry and Biophysics 33, 65–77.

Munekage Y, Hashimoto, M, Miyake C, Tomizawa K, Endo T, Tasaka 
M, Shikanai T. 2004. Cyclic electron flow around photosystem I is 
essential for photosynthesis. Nature 429, 579–582.

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

Munekage YN, Genty B, Peltier G. 2008. Effect of PGR5 impairment 
on photosynthesis and growth in Arabidopsis thaliana. Plant and Cell 
Physiology 49, 1688–1698.

Nandha B, Finazzi G, Joliot P, Hald S, Johnson GN. 2007. The role of 
PGR5 in the redox poising of photosynthetic electron transport. Biochimica 
et Biophysica Acta 1767, 1252–1259.

Nicklisch A. 1998. Growth and light absorption of some planktonic 
cyanobacteria, diatoms and Chlorophyceae under simulated natural light 
fluctuations. Journal of Plankton Research 20, 105–119.

Okegawa Y, Long TA, Iwano M, Takayama S, Kobayashi Y, Covert 
SF, Shikanai T. 2007. A balanced PGR5 level is required for chloroplast 
development and optimum operation of cyclic electron transport around 
photosystem I. Plant and Cell Physiology 48, 1462–1471.

Pils D, Gregor W, Schmetterer G. 1997. Evidence for in vivo activity 
of three distinct respiratory terminal oxidases in the cyanobacterium 
Synechocystis sp. strain PCC6803. FEMS Microbiology Letters 152, 
83–88.

Pils D, Schmetterer G. 2001. Characterization of three bioenergetically 
active respiratory terminal oxidases in the cyanobacterium Synechocystis 
sp. strain PCC 6803. FEMS Microbiology Letters 25, 217–222.

Peltier G, Tolleter D, Billon E, Cournac L. 2010. Auxiliary electron 
transport pathways in chloroplasts of microalgae. Photosynthesis 
Research 106, 19–31

Petroutsos D, Terauchi AM, Busch A, Hirschmann I, Merchant 
SS, Finazzi G, Hippler M. 2009. PGRL1 participates in iron-induced 
remodeling of the photosynthetic apparatus and in energy metabolism 
in Chlamydomonas reinhardtii. Journal of Biological Chemistry 284, 
32770–32781.

Rintamäki E, Martinsuo P, Pursiheimo S, Aro EM. 2000. 
Cooperative regulation of light-harvesting complex II phosphorylation 
via the plastoquinol and ferredoxin-thioredoxin system in chloroplasts. 
Proceedings of the National Academy of Sciences, USA 97, 
11644–11649.

Rintamäki E, Salonen M, Suoranta UM, Carlberg I, Andersson 
B, Aro EM. 1997. Phosphorylation of light-harvesting complex II and 
photosystem II core proteins shows different irradiance-dependent 
regulation in vivo. Application of phosphothreonine antibodies to analysis 
of thylakoid phosphoproteins. The Journal of Biological Chemistry 272, 
30476–30482.

Rott M, Martins NF, Thiele W, Levin W, Bock R, Kramer DM, 
Schöttler MA. 2011. ATP synthase repression in tobacco restricts 
photosynthetic electron transport, CO2 assimilation, and plant growth by 
over acidification of the thylakoid lumen. The Plant Cell 23, 304–321.

Sato R, Ohta H, Masuda S. 2014. Prediction of respective contribution 
of linear electron flow and PGR5-dependent cyclic electron flow to non-
photochemical quenching induction. Plant Physiology and Biochemistry 
81, 190–196.

Schöttler MA, Albus CA, Bock R. 2011. Photosystem I: its biogenesis 
and function in higher plants. Journal of Plant Physiology 168, 1452–1461.

Schubert H, Sagert S, Forster RM. 2001. Evaluation of the different 
levels of variability in the underwater light field of a shallow estuary. 
Helgoland Marine Research 55, 12–22.

Sejima T, Takagi D, Fukayama H, Makino A, Miyake C. 2014. 
Repetitive short-pulse light mainly inactivates Photosystem I in sunflower 
leaves. Plant and Cell Physiology 55, 1184–1193.

Sirpiö S, Allahverdiyeva Y, Suorsa M, Paakkarinen V, Vainonen J, 
Battchikova N, Aro EM. 2007. TLP18.3, a novel thylakoid lumen protein 
regulating photosystem II repair cycle. Biochemical Journal 406, 415–425.

Sugimoto K, Okegawa Y, Tohri A, Long TA, Covert SF, Hisabori 
T, Shikanai T. 2013. A single amino acid alteration in PGR5 confers 
resistance to antimycin A in cyclic electron transport around PSI. Plant and 
Cell Physiology 54, 1525–1534.

Suorsa M, Järvi S, Grieco M, Nurmi M, Pietrzykowska M, Rantala 
M, Kangasjärvi S, Paakkarinen V, Tikkanen M, Jansson S, Aro 
EM. 2012. PROTON GRADIENT REGULATION5 is essential for proper 
acclimation of Arabidopsis photosystem I to naturally and artificially 
fluctuating light conditions. The Plant Cell 24, 2934–2948.

Tikkanen M, Aro EM. 2014. Integrative regulatory network of plant 
thylakoid energy transduction. Trends In Plant Science 19, 10–17.

Tikkanen M, Grieco M, Aro EM. 2011. Novel insights into plant light-
harvesting complex II phosphorylation and ‘state transitions’. Trends In 
Plant Science 16, 126–131.

Tikkanen M, Grieco M, Kangasjärvi S, Aro EM. 2010. Thylakoid 
protein phosphorylation in higher plant chloroplasts optimizes electron 
transfer under fluctuating light. Plant Physiology 152, 723–735.

Tikkanen M, Mekala NR, Aro EM. 2014. Photosystem II photoinhibition-
repair cycle protects Photosystem I from irreversible damage. Biochimica 
et Biophysica Acta 1837, 210–215.

Tolleter D, Ghysels B, Alric J et al. 2011. Control of hydrogen 
photoproduction by the proton gradient generated by cyclic electron flow 
in Chlamydomonas reinhardtii. The Plant Cell 23, 2619–2630.

Vicente JB, Gomes CM, Wasserfallen A, Teixeira M. 2002. Module 
fusion in an A-type flavoprotein from the cyanobacterium Synechocystis 
condenses a multiple-component pathway in a single polypeptide chain. 
Biochemical and Biophysical Research Communications 294, 82–87.

Photoprotection of photosystems in fluctuating light intensities | 2435
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/9

/2
4
2
7
/6

7
6
3
4
4
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Vicente JB, Justino MC, Gonçalves VL, Saraiva LM, Teixeira M. 
2008. Biochemical, spectroscopic, and thermodynamic properties of 
flavodiiron proteins. Methods Enzymology 437, 21–45.

Wasserfallen A, Ragettli S, Jouanneau Y, Leisinge T. 1998. A family of 
flavoproteins in the domains Archaea and Bacteria The FEBS Journal 254, 
325–332.

Wu H, Liu M, Lin T, Cheng Y. 2011. Structural and functional assays of 
AtTLP18.3 identify its novel acid phosphatase activity in thylakoid lumen. 
Plant Physiology 157, 1015–1025.

Yeremenko N, Jeanjean R, Prommeenate P, Krasikov V, Nixon 
PJ, Vermaas WF, Havaux M, Matthijs HC. 2005 Open reading frame 

ssr2016 is required for antimycin A-sensitive photosystem I-driven cyclic 
electron flow in the cyanobacterium Synechocystis sp. PCC 6803. Plant 
and Cell Physiology 46, 1433–1436.

Zhang P, Allahverdiyeva Y, Eisenhut M, Aro EM. 2009. Flavodiiron 
proteins in oxygenic photosynthetic organisms: photoprotection of 
photosystem II by Flv2 and Flv4 in Synechocystis sp. PCC 6803. PLoS 
ONE 4, e5331.

Zhang P, Eisenhut M, Brandt AM, Carmel D, Silén HM, Vass I, 
Allahverdiyeva Y, Salminen TA, Aro EM. 2012. Operon flv4-flv2 
provides cyanobacterial photosystem II with flexibility of electron transfer. 
The Plant Cell 24, 1952–1971.

2436 | Allahverdiyeva et al.
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
6
/9

/2
4
2
7
/6

7
6
3
4
4
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


