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" Department of Biological and Environmental Science, Faculty of Agriculture, Graduate School of Agricultural Science, Kobe
University, Kobe, Japan, ? Core Research for Environmental Science and Technology, Japan Science and Technology
Agency, Tokyo, Japan

In the light, photosynthetic cells can potentially suffer from oxidative damage derived
from reactive oxygen species. Nevertheless, a variety of oxygenic photoautotrophs,
including cyanobacteria, algae, and plants, manage their photosynthetic systems
successfully. In the present article, we review previous research on how these
photoautotrophs safely utilize light energy for photosynthesis without photo-oxidative
damage to photosystem | (PSI). The reaction center chlorophyll of PSI, P700, is kept in
an oxidized state in response to excess light, under high light and low CO, conditions,
to tune the light utilization and dissipate the excess photo-excitation energy in PSI.
Oxidation of P700 is co-operatively regulated by a number of molecular mechanisms on
both the electron donor and acceptor sides of PSI. The strategies to keep P700 oxidized
are diverse among a variety of photoautotrophs, which are evolutionarily optimized for
their ecological niche.

Keywords: P700 oxidation, photosystem |, photoinhibition, reactive oxygen species, photosynthesis

INTRODUCTION

Nothing ventured, nothing gained. In oxygenic photosynthesis, CO; is converted into sugar using
H,O and light energy. Additionally, O, is released from oxygenic photosynthesis as a by-product.
Thus, oxygenic photoautotrophs (i.e., cyanobacteria, algae, and plants) support life on Earth with
only sun light energy. However, this process is not risk-free, and every photoautotroph is constantly
exposed to potential photo-oxidative damage.

Oxygenic photosynthesis is achieved through the assimilation of CO, from the atmosphere
in the Calvin-Benson cycle (dark reaction) and the utilization of light for the production of
nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate (ATP) to
meet the demand for CO, assimilation in the photosynthetic electron transport system (light
reaction). Light energy from the sun is absorbed by pigments, such as chlorophyll (Chl), in light-
harvesting complexes (LHC) around two photosystems (PSII and PSI) on the thylakoid membrane,
and excites the reaction center Chls (P680 and P700 in PSII and PSI, respectively) to drive charge
separation and photosynthetic linear electron flow from PSII to PSI via plastoquinone (PQ) pool,
cytochrome (Cyt) bg/f complex, and plastocyanin (PC) or Cyt ¢ (Barber and Andersson, 1994).
On the electron donor side of PSII, photo-oxidized P680 (P680™") oxidizes H,O with O, evolved
with the help of the oxygen-evolving complex (Nathan and Wolfgang, 2015). On the electron
acceptor side of PSI, NADP™ is reduced to NADPH with electrons from P700 via ferredoxin
(Fd) and Fd-NADP* reductase (FNR). Photo-oxidized P700 (P7007) is reduced with electrons
from PSII via the Cyt be/f complex and PC (or Cyt c¢) in photosynthetic linear electron flow
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(Jensen et al., 2007). The proton gradient across the thylakoid
membrane (ApH), which is the motive force of the chloroplast
ATP synthase (ATPase), is established at both the steps of H,O
oxidation on the luminal side of PSII and electron transport in
the Q-cycle of the Cytbgf complex (Cramer et al., 2006). NADPH
and ATP produced in the photosynthetic electron transport
system are utilized for driving CO, assimilation in the Calvin-
Benson cycle (Calvin and Benson, 1948) and are required to
be in concordance. However, dynamic natural environmental
variations can easily unbalance the production and utilization
of NADPH and ATP, resulting in photo-oxidative damage to
photosynthetic cells.

Absorption of light energy exceeding the demand for
photosynthetic CO, assimilation can cause inactivation of
these photosystems. This light-dependent inactivation of
photosynthesis was first observed in the green alga Chlorella
sp. more than 50 years ago and was termed photoinhibition by
Kok (1956). Based on the characterization of photoinhibition
using isolated thylakoid membranes, it has been separately
recognized as deriving from the inactivation of PSII or PSI
(Satoh, 1970). Photoinhibition of PSII leads to light-dependent
degradation of the reaction center subunit (D1 protein), which
is observed in vivo under various stress conditions, such as high
light, high temperature, and drought. Photoinhibited PSII can
rapidly recover by replacing the degraded D1 protein with a
newly synthesized D1 protein in several hours. The processes
that lead to the photo-oxidative damage of PSII are still under
debate, although numerous studies have provided extensive and
remarkable insights into the mechanisms of PSII photoinhibition
(Krause et al, 1985; Aro et al, 1993; Sundby et al, 1993;
Andersson and Barber, 1996; Neidhardt et al., 1998; Melis, 1999;
Allakhverdiev and Murata, 2004; Hakala et al., 2005; Murata
et al., 2007; Tyystjarvi, 2008; Fischer et al., 2013; Pospisil, 2016;
Jimbo et al., 2018).

In this review, we concentrate on the photoinhibition of PSI,
which depends on both O, and electrons produced by PSII
(Satoh, 1970). Compared with studies on PSII photoinhibition,
those on PSI photoinhibition are relatively rare, since it hardly
occurs in vivo, even if oxygenic photoautotrophs are exposed
to a stress treatment with excess light (e.g., continuous light
illumination with high light) (Critchley, 1981; Powles and
Bjorkman, 1982; Havaux and Eyletters, 1991). Previous studies,
using isolated thylakoid membranes and chloroplasts, have
suggested that PSI photoinhibition is derived from a dysfunction
in the [4Fe-4S] clusters on the acceptor side of PSI (ie.,
Fx, Fs, and Fp), caused by reactive oxygen species (ROS)
(Satoh, 1970; Inoue et al., 1986). PSI photoinhibition was first
observed in vivo in the intact leaves of the chilling-sensitive plant
Cucumis sativus under chilling stress (Terashima et al., 1994). The
characterization of PSI photoinhibition under such conditions
corroborated previous findings from in vitro studies and worked
toward establishing the present theory of the mechanisms of PSI
photoinhibition (Sonoike, 2011).

On the electron acceptor side of PSI, excess photo-
excitation energy can reduce Oj, generating ROS, including
superoxide anion radical (O,7), hydrogen peroxide (H,O,),
and hydroxyl radical (-OH) (Mehler, 1951; Asada, 2006;

Rutherford et al., 2012). Owing to their high reactivity, ROS can
immediately inactivate PSI (Sonoike, 1996; Sonoike et al., 1997).
In comparison with PSII, the damaged PSI takes a long time
(days or weeks) to completely recover (Kudoh and Sonoike,
2002; Ziveak et al., 2015b). Therefore, PSI photoinhibition is
a lethal event for oxygenic photoautotrophs. That is why PSI
photoinhibition hardly occurs in vivo except for under specific
conditions, such as chilling. The mechanisms of prevention of PSI
photoinhibition had remained unknown for long.

P700 OXIDATION AND ITS
PHYSIOLOGICAL SIGNIFICANCE

The generation of ROS in PSI should be strictly suppressed
for the purpose of preventing PSI photoinhibition in vivo.
Based on the simple concept of oxygenic photosynthesis,
the electron acceptor side of PSI is expected to be over-
reduced when the Calvin-Benson cycle cannot follow the
production of NADPH in the photosynthetic electron transport
system. Nevertheless, PSI is always kept in an oxidized
state in response to situations where the Calvin-Benson
cycle is suppressed, which has been observed using in vivo
spectroscopic measurement techniques for P700" (Foyer et al,,
1990; Harbinson and Hedley, 1993; Klughammer and Schreiber,
1994; Golding and Johnson, 2003; Miyake et al,, 2005). The
universal physiological response of oxygenic photoautotrophs
is termed “P700 oxidation” and refers to the increase in the
ratio of P700™ to the total amount of photo-oxidizable P700.
In comparison with P700, P700% cannot drive its photo-
oxidation/reduction cycle but directly dissipate the photo-
excitation energy as heat (Nuijs et al., 1986; Trissl, 1997; Bukhov
and Carpentier, 2003). Therefore, P700 oxidation is expected
to be directly linked to the quenching of excess light energy
in PSI.

Recently, the impact of P700 oxidation on the alleviation of
PSI photoinhibition has been demonstrated by a method to easily
and selectively induce PSI photoinhibition in intact plant leaves
at room temperature (Sejima et al., 2014). In the method named
“repetitive short-pulse (SP) illumination (rSP illumination),” SP
light (e.g., 300-1000 ms, 2000-20,000 pwmol photons m~2 s~ 1)
is repetitively applied to plant leaves (e.g., every 10 s) under
darkness. This experimental procedure is similar to continuously
shooting the plants with a camera with a strobe light at night
and can be defined as a severe form of artificial fluctuating light.
This is different to illumination with continuous light; during rSP
illumination, PSI is inactivated significantly faster than PSII in
intact plant leaves, depending on the intensity and length of the
SP light (Sejima et al., 2014; Zivcak et al., 2015b). Eliminating
or limiting O, suppress the inactivation of PSI, indicating that
PSI photoinhibition during rSP illumination is caused by ROS
(Sejima et al., 2014). This observation corresponds to results
of previous studies on chilling-induced PSI photoinhibition
(Sonoike, 1996; Sonoike et al., 1997). Therefore, rSP illumination
is a useful tool to induce PSI photoinhibition in vivo (Zivcak et al.,
2015a,b; Kono and Terashima, 2016; Takagi et al., 2017b; Mikko
and Steffen, 2018).
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Sejima et al. (2014) have applied rSP illumination to sunflower
leaves under constant actinic light at different intensities,
producing different P700 oxidation levels (Figures 1A,B),
resulting in a linear relationship of P700 oxidation with the
alleviation of PSI photoinhibition (Figure 1C) (Sejima et al.,
2014). The effects of P700 oxidation on the protection of PSI
against photoinhibition is also evidenced by the kinetics of P700™
in response to SP light during rSP illumination. In the intact
leaves of angiosperms, P700 is excited by SP light and is kept
in a reduced state during exposure to SP light (Figure 2A),
which suggests that electron transport in PSI is limited on the
acceptor side, but not on the donor side, during exposure to
SP light. Contrarily, in the presence of a continuously high
intensity background light, P700 is kept in an oxidized state
during exposure to SP light (Figure 2B), which is due to a change
in the limitation step of the electron transport system in PSI from
acceptor to donor sides by P700 oxidation system (described in
the next chapter). Furthermore, the addition of a far-red light
in the background during rSP illumination can also stimulate
P700 oxidation in the SP light to suppress PSI photoinhibition
(Kono et al., 2017), which might suggest that shaded plants in
an understory can efficiently keep P700 oxidized during natural
“sunflecks.”

The impact of P700 oxidation on the alleviation of PSI
photoinhibition has been observed not only during rSP
illumination but also continuous light. In cyanobacteria, the
progenitor of oxygenic photosynthesis, P700, is kept in an
oxidized state in response to a suppression of photosynthesis
under CO; limitation, similarly to that in intact plant leaves
(Badger and Schreiber, 1993). Shimakawa et al. (2016b) validated
the common response of the redox state of PSI to CO; limitation
in three different cyanobacteria species, Synechocystis sp. PCC
6803, Synechococcus elongatus PCC 7942, and Synechococcus
sp. PCC 7002 (Figure 3). Among the mutants deficient in
flavodiiron protein (FLV) in each species, only the mutant of
Synechococcus sp. PCC 7002 cannot keep P700 oxidized under
CO; limitation and suffers from PSI photoinhibition. These
facts led us to suggest that the fate of PSI is determined by
whether P700 can be kept in an oxidized state under excess light
conditions. Furthermore, the inactivation of PSI in the mutant of
Synechococcus sp. PCC 7002 has been observed even in the range
of photon flux density between 200 and 300 jLmol photons m~?
s~1 (Shimakawa et al., 2016b), which indicates that PSI has the
potential to generate ROS and suffer from PSI photoinhibition
even under constant light 10 times less intense than sunlight, if
the light exceeds the demand of the electron sinks, such as the
Calvin-Benson cycle. Overall, without P700 oxidation, oxygenic
photoautotrophs would easily suffer from PSI photoinhibition
under natural environmental variation. The diverse strategies to
keep P700 oxidized in these cyanobacteria species are further
discussed at the section “Flavodiiron Protein (FLV)” in the chapter
“Regulatory Mechanisms to Keep P700 in an Oxidized State, P700
Oxidation System.”

Besides being a quencher of light energy to suppress the
generation of ROS in PSI, P700" is assumed to play other
important roles. For example, the charge recombination of P700™"
with the electron acceptors in PSI (e.g., Fx) can occur in the range
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FIGURE 1 | Relationship of P700 oxidation with the alleviation of the
photo-oxidative damage in PSI during exposure to repetitive short-pulse (rSP)
illumination. The sunflower plant leaves were exposed to rSP illumination
(20,000 Mol photons m~2 s~ 7, 300 ms, every 10 s) in different light
intensities producing different P700 oxidation levels (A). Residual
photochemical activity of PSI was evaluated as the residual total
photo-oxidizable P700 after rSP illumination for 4 h (B), and the decrease in
the total photo-oxidizable P700 was plotted against the P700 oxidation levels
(C). Data were from Sejima et al. (2014).
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FIGURE 2 | Kinetic model of oxidized P700 during exposure to short pulse
(SP) illumination (2000-20,000 pwmol photons m=2 s~ 1, 1 s) in the leaves of
angiosperms in the absence (A) and presence (B) of background high light.
Black bars, darkness; red bars, high light; orange bars, SP light. Purple and
sky-blue shadings indicate P700 in the reduced and oxidized forms,
respectively.

of the pws- or ms-order half times (Semenov et al., 2000). That
is, P700% can act as an electron sink to oxidize [4Fe-4S] clusters
on the acceptor side of PSI, which might suppress the generation
of -OH (Sonoike, 1996). Additionally, P700" possibly thermally
dissipate excess light energy not only in PSI but also around PSII
via energy transfer mechanisms, including state transition and/or
spillover (Ueno et al., 2018; Yokono and Akimoto, 2018), which
ultimately, also has the potential to alleviate PSII photoinhibition.

REGULATORY MECHANISMS TO KEEP
P700 IN AN OXIDIZED STATE, “P700
OXIDATION SYSTEM”

P700 oxidation is strictly regulated by diverse molecular
mechanisms (collectively termed P700 oxidation system) in
oxygenic photoautotrophs (Figure 4). Importantly, the redox
state of P700 depends on both the electron donor and
acceptor sides of PSI. There are various regulatory mechanisms
functioning on both sides of PSI. P700 oxidation is commonly
observed in oxygenic photoautotrophs in response to excess

light conditions, and the strategies to keep P700 in an oxidized
state are diverse. Many diverse ways to oxidize P700 have
been recognized already in the photosynthetic prokaryote
cyanobacteria (Shimakawa et al., 2016b; Figure 3), which have
supposedly developed and changed during the evolutionary
history of oxygenic photoautotrophs.

Limiting Electron Transport in Cyt bg/f

On the donor side of PSI, the suppression of electron transport
into PSI causes P700 oxidation. Photosynthetic linear electron
flow has been recognized as being limited to the oxidation of
reduced PQ (i.e., plastoquinol, PQH;) in Cyt be/f without any
specific regulatory mechanisms at moderate lumen pH values
(6.5-7.5). This is based on the understanding that the oxidation
of PQH,; is the slowest step in the photosynthetic electron
transport system, and that the amount of Cyt bg/f is normally
smaller than those of PSII and PSI in plant leaves (Stiehl and
Witt, 1969; Anderson, 1992; Schéttler and Téth, 2014), which
is supported by a linear relationship between Qa reduction and
P700 oxidation (Shimakawa and Miyake, 2018a). The limitation
of electron transport in Cyt bg/f is likely to be a common strategy
to keep P700 in an oxidized state in oxygenic photoautotrophs,
considering the following regulatory mechanisms.

Electron transport in Cyt be/f is modulated by a regulatory
mechanism, which is believed to be strongly associated with
lumen acidification (Nishio and Whitmarsh, 1993). Lumen
acidification is linked to photosynthetic linear electron flow
since ApH is provided by both the oxidation of H,O at the
luminal side of PSII and the Q-cycle in Cyt be/f (Schreiber
and Neubauer, 1990; Avenson et al., 2005). Additionally, cyclic
electron flow around PSI (CEF) can also promote the formation
of ApH (Nandha et al., 2007). Contrarily, lumen acidification
is stimulated by narrowing the proton efflux in ATPase and
ion channels on the thylakoid membrane (Takizawa et al., 2008;
Armbruster et al., 2014), leading to P700 oxidation for the
alleviation of PSI photoinhibition (Takagi et al., 2017a). These
processes are often considered as photosynthetic control (Foyer
et al., 1990; Schottler and Té6th, 2014).

Electron transport in Cyt be/f can be suppressed in response
to not only ApH but also the reduction in the PQ pool, which
has been recently proposed as reduction-induced suppression
of electron flow (RISE) in cyanobacteria (Shaku et al., 2016;
Shimakawa et al., 2018b). In the Q-cycle (Mitchell, 1966), PQH,
donates one electron to Cyt f through a [2Fe-2S] cluster at Q,
(or Qo) site in Cyt bg/f and the other electron to a PQ at Q, (or
Q) site in Cyt bg/f. The PQ at the Q, site is reduced with the
second electron originating from PSIIL. Therefore, a shortage of
PQ can inhibit the operation of the Q-cycle and suppress electron
transport in Cyt be/f. Unfortunately, the molecular mechanisms
of RISE remain poorly understood and have not yet been properly
characterized. However, suppression of electron transport in Cyt
be/f is relieved by alternative electron flow mediated by FLV
(Shaku et al., 2016) and exogenously added H,O, (Shimakawa
et al., 2018b). Here, we use the term “alternative electron flow”
as the electron transport uncoupled with photosynthesis (i.e.,
the Calvin-Benson cycle). In cyanobacteria, FLV mediates the
electron transport to Oy in PSI (Helman et al., 2003) and
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FIGURE 3 | Relationship of P700 oxidation with the alleviation of the photo-oxidative damage in PSI during exposure to constant light. Both wild types and
flavodiiron protein (FLV)-deficient mutants of the three cyanobacteria species grown under high-[CO»] conditions show the different responses of the photosynthetic
electron transport system to the suppression of the Calvin-Benson cycle under COs limitation: Synechocystis sp. PCC 6803 expresses FLV2/4 to mediate
O,-dependent alternative electron transport but can keep P700 oxidize even without the FLV-mediated alternative electron sink; Synechococcus elongatus PCC
7942 suppresses photosynthetic linear electron flow and oxidizes P700 regardless of the existence of FLV; and Synechococcus sp. PCC 7002 suppresses
photosynthetic linear electron flow and oxidizes P700 with the FLV-mediated alternative electron sink. Among these cyanobacterial cells, PSI photoinhibition is
observed only in the mutant of Synechococcus sp. PCC 7002 that cannot keep P700 oxidized (Shimakawa et al., 2016b). All arrows indicate electron transport
direction, and suppressed electron transport is represented by dashed arrows.
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FIGURE 4 | Hypothetical model for P700 oxidation system (A) and summary table of the diversity observed in a variety of oxygenic photoautotrophs (B). Pink and
red arrows represent photosynthetic linear and alternative electron transport respectively. Black lines represent various reactions, including oxidation, reduction, and
phosphorylation. Dashed lines indicate suppressed reactions. Each P700 oxidation system is shown in italics. Limiting Cyt bg/f indicates the suppression of electron
transport in Cyt bg/f by lumen acidification and/or reduction-induced suppression of electron flow (RISE). Cox, aaz-type Cyt ¢ oxidase; Cyd, Cyt bd quinol oxidase;
PTOX, plastid terminal oxidase; PCO, photorespiratory carbon oxidation; FLV, flavodiiron protein; PGR5, proton gradient regulation 5; NDH, chloroplast NADPH
dehydrogenase. The mechanisms inducing P700 oxidation by PGR5 and NDH are still controversial. #Basal plants mean liverworts, mosses, ferns, and
gymnosperms. TSecondary algae contain many different groups, including Chlorarachniophyta, Euglenophyta, Cryptophyta, Haptophyta, Heterokontophyta, and
Dinophyta, and we note that the molecular mechanisms for P700 oxidation are still poorly understood in all these groups. The Euglenoid E. gracilis possibly utilize
photorespiration (Yokota and Kitaoka, 1987; Shimakawa et al., 2017b). The dinoflagellate Symbiodinium sp. exceptionally have analogous genes for FLV and present
a large O»-dependent alternative electron sink (Roberty et al., 2014). Micro and macro algae categorized into Cryptophyta, Haptophyta, and Heterokontophyta show
P700 oxidation in response to short-pulse illumination with different dependencies on O, (Shimakawa et al., 2018a). Generally, Glaucophyta is characterized by the
same definition (Archaeplastida) as Chlorophyta (green algae) and Rhodophyta (red algae), but in this study we do not review P700 oxidation system in Glaucophyta
because of scant existing literature on the subject. But recently, the glaucophyte Cyanophora paradoxa has been reported to develop cyanobacteria-like regulatory
mechanisms of the photosynthetic electron transport system (Misumi and Sonoike, 2017).

exogenously added H,O, stimulates the electron transport via  side of PSI but produce ApH (Schreiber and Neubauer, 1990).
peroxidase utilizing the electrons in PSI (Miyake et al., 1991), These facts, the electron transport in Cyt bs/f is modulated by not
both of which theoretically consume the electrons on the acceptor  only lumen acidification (Trubitsin et al., 2003) but also another

Frontiers in Plant Science | www.frontiersin.org 6 November 2018 | Volume 9 | Article 1617


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

mechanism sensitive to the reduction of the photosynthetic
electron transport system in cyanobacteria. The effect of RISE
on P700 oxidation is possibly observed also in C3 plants (Takagi
etal., 2016a; Shimakawa and Miyake, 2018a), but further research
is required.

Thylakoid Terminal Oxidases

Terminal oxidases on the thylakoid membrane, including plastid
terminal oxidase (PTOX) and cyanobacterial respiratory terminal
oxidases (Cox, aas-type Cyt ¢ oxidase; and Cyd, Cyt bd quinol
oxidase), are also defined as a P700 oxidation system, on the
electron donor side of PSI. These oxidases are localized on the
thylakoid membrane and donate electrons from the interchain
of the photosynthetic electron transport system: i.e., PQH,, PC,
and Cyt ¢s to Oy (Pils et al., 1997; Joét et al, 2002). Thus,
the electrons on the donor side of PSI can be leaked to O,
which has an impact on the redox state of P700 during the
transition from dark to light (Bolychevtseva et al., 2015; Feilke
etal., 2016).

Particularly in cyanobacteria, the respiratory electron
transport system shares the same PQ pool with the
photosynthetic electron transport system and can have a
large effect on photosynthesis, compared with photosynthetic
eukaryotes (Shimakawa et al, 2014; Misumi et al, 2016).
Recently, in the cyanobacterium Synechocystis sp. PCC 6803,
both Cox and Cyd have been found to contribute to P700
oxidation and the alleviation of PSI photoinhibition during rSP
illumination (Shimakawa and Miyake, 2018b). Unfortunately,
the electron transport capacities of these terminal oxidases are
yet to be quantitatively determined to be established as a suitable
alternative electron sink for P700 oxidation in the cyanobacterial
cells in vivo (Schuurmans et al., 2015). Oxidation of the PQ
pool by both Cox and Cyd in the darkness is likely to help P700
oxidation to be induced in response to a light illumination.
Further, these respiratory terminal oxidases can pump H™ into
the luminal side of the thylakoid membrane (Paumann et al.,
2005), possibly stimulating the limitation of electron transport in
Cyt be/f by photosynthetic control.

The chloroplast of photosynthetic eukaryotes harbors PTOX,
a non-heme diiron carboxylate protein showing sequence
similarity to the mitochondrial alternative oxidase, which binds
strongly to the stromal side of the thylakoid membrane and
functions in the process of chlororespiration to oxidize the PQ
pool (McDonald et al., 2011; Johnson and Stepien, 2016). It has
been reported that the alternative electron flux through PTOX
is not functional for the protection of PSII and PSI against
photoinhibition at the steady-state photosynthesis (Rosso et al.,
2006). At least in the mature tissues of plants the amount of
PTOX is 100 times smaller than that of PSII (Lennon et al,
2003). On the other hand, the recombinant PTOX protein
of rice harbors the enough O, reducing activity comparable
to photosynthetic linear electron transport (kea, >20 s 1;
Yu et al, 2014). Additionally, the heterologous expression of
Chlamydomonas reinhardtii PTOX in the tobacco leads to P700
oxidation (Feilke et al., 2016). These facts indicate that PTOX has
the potential to contribute to P700 oxidation for the alleviation
of PSI photoinhibition in photosynthetic eukaryotes in the

situations where the relative amount of PTOX to photosystems
increases (Rumeau et al., 2007).

Photorespiration

On the electron acceptor side of PSI, an alternative electron
sink, uncoupled with photosynthesis, supports P700 oxidation by
relieving limitation of PSI on the acceptor side. Photorespiration
is initiated by the oxygenation reaction of ribulose 1,5-
bisphosphate (RuBP) carboxylase/oxygenase (so-called Rubisco)
with 3-phosphoglycerate and 2-phosphoglycolate produced from
RuBP and CO; (Berry et al., 1978; Ogren, 1984). In the processes
for regeneration of 3-phosphoglycerate from 2-phosphoglycolate
in photorespiratory carbon oxidation (PCO) cycle, both reduced
Fd and ATP are required. Additionally, both RuBP and CO,
regenerated by photorespiration are utilized again for CO,
assimilation in the Calvin-Benson cycle. That is, photorespiration
can function as an O,-dependent alternative electron sink to
dissipate excess light energy (Powles et al., 1979; Kozaki and
Takeba, 1996; Takahashi et al., 2007). Indeed, photorespiration
functions as the largest alternative electron flow to O, (Badger
et al., 2000; Ruuska et al., 2000; Driever and Baker, 2011; Sejima
et al, 2016), and is responsible for P700 oxidation and the
protection of PSI against photoinhibition in Cz plant leaves
(Wiese et al., 1998; Takagi et al., 2016a; Wada et al., 2018).

In contrast to Cs plant leaves, photorespiration does not
function as an alternative electron sink for P700 oxidation
in cyanobacteria and algae. Though the genes for PCO cycle
enzymes are commonly conserved in oxygenic photoautotrophs,
a variety of algae, including cyanobacteria, green algae, and
diatoms, show little O,-dependent electron sink capacity derived
from photorespiration, even under CO; limitation (Bidwell and
McLachlan, 1985; Weger et al, 1989; Hayashi et al., 2014;
Shimakawa et al., 2015, 2016a, 2017b). In aquatic environments
the air-equilibrated O, concentration is approximately 250 WM
at 25C° and the diffusion coefficient of O, decreases to
approximately 0.01% of that in the atmosphere, which probably
makes it difficult to utilize photorespiration, considering that
the oxygenation reaction of RuBP catalyzed by Rubisco has
significantly low affinity for O,. Despite of the large varieties,
the Ky, values have been recently reported to be in the
range between 100 and 1600 pM at 25C° in diverse oxygenic
photoautotrophs except for the Rubisco of Archaea (Tcherkez,
2016; Orr et al,, 2016). As mutants of cyanobacteria and algae
deficient in the genes for the PCO cycle are impaired in their
growth, photorespiration is assumed to play other important
roles, rather than acting as an alternative electron sink in these
photoautotrophs (Eisenhut et al., 2006; Rademacher et al., 2016).
O;-dependent electron transport activity with low affinity is
observed in Euglena gracilis (Euglenophyta) (Shimakawa et al.,
2017b); the secondary alga harboring chloroplasts is believed
to be derived from green algae (Falkowski et al., 2004), which
may suggest that E. gracilis uniquely utilizes photorespiration
as an electron sink (Yokota and Kitaoka, 1987). Interestingly,
photorespiration-derived electron sink comparable to the Calvin-
Benson cycle is observed in liverworts, ferns, gymnosperms, and
angiosperms except for in C4 plants (Hanawa et al., 2017). These
data indicate that photorespiration had started to function as a
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large alternative electron sink since oxygenic photoautotrophs
were first exposed to high partial pressures of O, in the
atmosphere.

Flavodiiron Protein (FLV)

The protein family of FLV (or FDP) is defined based on
two domains: a diiron center and a flavin mononucleotide-
binding, and reduces O, and NO directly into H,O and N,O
using coenzymes such as rubredoxin and Fg9 (Romao et al,
2016). In addition, FLV in oxygenic photoautotrophs harbors
a unique domain, similar to a flavin:NAD(P)H oxidoreductase,
and therefore has been characterized by an ability to catalyze
the reduction of O, directly to H,O, with NAD(P)H as the
electron donor (Vicente et al., 2002). The physiological function
of FLV has been well characterized in the cyanobacterium
Synechocystis sp. PCC 6803 in the pioneering work of Helman
et al. (2003). The authors indicate that FLV mediates an O,-
dependent alternative electron flow, probably on the acceptor
side of PSI, and supports P700 oxidation. The electron sink
capacity of FLV-mediated electron transport is evidenced by
both the measurement of 120, photoreduction (Helman et al.,
2003; Allahverdiyeva et al., 2013; Burlacot et al., 2018) and the
simultaneous evaluation of O, evolution with Chl fluorescence
(Shimakawa et al., 2015). On the contrary, the physiological
electron donor for FLV is still unknown. Some recombinant FLV
proteins of the cyanobacterium Synechocystis sp. PCC 6803 show
NAD(P)H-dependent O, reduction into H,O, but the reduction
rates are more than 100 times smaller than those of anaerobic
bacteria (Vicente et al., 2002; Di Matteo et al., 2008; Shimakawa
et al,, 2015). In addition, it has been suggested that FLV interacts
with Fd in Synechocystis sp. PCC 6803 (Hanke et al., 2011). The
molecular mechanisms of FLV still await biochemical validation
in vitro.

The impact of FLV on P700 oxidation is diversified
already in the photosynthetic prokaryote cyanobacteria.
Three cyanobacterial species show the different responses of
the regulation of photosynthetic electron transport to CO;
limitation: Synechocystis sp. PCC 6803 expresses FLV2/4 to
induce the large alternative electron flux to O, uncoupled with
photosynthesis; Synechococcus elongatus PCC 7942 suppresses
the electron transport in Cyt be/f; and Synechococcus sp. PCC
7002 keeps the electron transport capacity with the alternative
electron transport to O, through FLV1/3 dependent on the CO,
concentration of the growth conditions (Figure 3; Shimakawa
etal, 2016a,b). Among these three cyanobacteria species, only in
Synechococcus sp. PCC 7002 the FLV-knockout mutant suffers
from PSI photoinhibition due to the inability to keep P700
oxidized in the situation where photosynthesis is suppressed
under CO; limitation (Figure 3; Shimakawa et al., 2016b). That
is, FLV is the dominant regulator for the redox state of P700
in this species. On the other word, the other two species can
keep P700 oxidized even in the absence of FLV by relying on the
other regulatory mechanisms (Figure 3). Unfortunately, it is still
unclear what regulatory mechanisms complement the capacity
for P700 oxidation in the FLV-knockout mutants of these two
species. Shaku et al. (2016) suggests that the limitation of electron
transport in Cyt be/f by RISE has the large impact on P700

oxidation in Synechococcus elongatus PCC 7942. Additionally,
from the fact that the genes for Cyd are missed in the genome of
Synechococcus sp. PCC 7002, different from the other two species
(Shimakawa et al., 2016b), the terminal oxidase is suggested to be
one possibility to complement P700 oxidation in the absence of
FLV in Synechocystis sp. PCC 6803 and Synechococcus elongatus
PCC 7942 (Shimakawa and Miyake, 2018b).

Among the oxygenic photoautotrophs, the genes for FLV are
conserved in Cyanophyta (cyanobacteria), Chlorophyta (green
algae), Bryophyta (liverworts and mosses), Pteridophyta (ferns),
gymnosperms, and limited secondary algae (e.g., Symbiodinium
sp.), in which P700 is rapidly oxidized in response to light
exposure in the presence of O, to alleviate PSI photoinhibition
(Allahverdiyeva et al., 2013; Shirao et al., 2013; Roberty et al.,
2014; Gerotto et al., 2016; Shimakawa et al.,, 2016b, 2017a;
Chaux et al,, 2017; Ilik et al, 2017; Noridomi et al, 2017;
Takagi et al., 2017b). Interestingly, angiosperms have lost FLV
at the genetic level (Allahverdiyeva et al, 2015; Yamamoto
et al, 2016; Alboresi et al, 2018). Most importantly, P700
oxidation, but not FLV, is essential for oxygenic photoautotrophs
to protect PSI against photoinhibition (Shimakawa et al., 2016b).
In other words, FLV is not required if P700 can be kept
oxidized in excess light conditions without it. Indeed, wild-type
plant leaves of angiosperms can rapidly induce P700 oxidation
except for during artificial severe stress conditions such as
rSP illumination (Takagi et al., 2017b; Shimakawa and Miyake,
2018a). Additionally, most of the red algae (Rhodophyta) and
secondary algae that have red plastid, including Cryptophyta,
Haptophyta, and Heterokontophyta (diatoms, brown algae, etc.),
can rapidly induce P700 oxidation in response to excess light
and alleviate PSI photoinhibition during rSP illumination in
the absence of FLV (Shimakawa et al., 2018a), implying that
FLV is not completely required for oxygenic photoautotrophs
already at the time that red algae had birthed. It would not
be unexpected for angiosperms to have lost FLV during their
evolutionary history. In these oxygenic photoautotrophs without
FLV, P700 oxidation should be relying mainly on other regulatory
mechanisms as mentioned in this chapter (e.g. limiting electron
transport in Cyt be/f).

The requirements of FLV are diverse in a variety of oxygenic
photoautotrophs, likely depending also upon their ecological
niche. The liverwort M. polymorpha preferably utilizes the
alternative electron sink of FLV, but not photorespiration, when it
is submerged (Shimakawa et al., 2017a). Taking the high affinity
of the reaction with O, (K, a few or less WM) (Vicente et al.,
2002; Shimakawa et al., 2015) into consideration, FLV probably
provides better benefits than photorespiration under water.
Additionally, the exposure to a far-red light in the terrestrial fields
possibly affect the strategies to utilize FLV in a variety of basal
land plants (Kono et al., 2017).

Proton Gradient Regulation 5 (PGR5)

A number of studies have reported that the 10 kDa thylakoid
membrane-associated protein, called PGR5, is essential to keep
P700 in an oxidized state in green algae and land plants.
A lack of PGR5 creates a profound limitation in PSI on
the electron acceptor side, resulting in PSI photoinhibition
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under excess light conditions (Munekage et al., 2002). Despite
the clear experimental evidence from mutant plants, the
molecular mechanisms of PGR5 for P700 oxidation remain
poorly understood and controversial. Since the protein was first
identified, PGR5 has been proposed to drive CEF together with
PGR5-like 1 protein (i.e, PGRL1) for the alleviation of the
limitation of PSI on the electron acceptor side and for inducing
lumen acidification (Munekage et al., 2002; Yamori and Shikanai,
2016; and references therein). Additionally, a lack of PGR5
impairs the association of FNR with the thylakoid membrane
(Mosebach et al., 2017), indicating that PGR5 possibly affects
photosynthetic linear electron flow (Takagi and Miyake, 2018).
Furthermore, Kanazawa et al. (2017) suggests that PGR5 may
function in adjusting the activity of ATPase rather than driving
CEF, which is supported by the fact that the profiles of the
mutants impaired in ATPase are strikingly similar to those of the
PGR5 mutants (Kanazawa et al., 2017). Overall, the relationship
of PGR5 with the photosynthetic electron transport system
remains controversial.

The impact of PGR5 on P700 oxidation has changed from
cyanobacteria to angiosperms. Although PGR5 is essential for
P700 oxidation in angiosperms (Munekage et al, 2002), a
lack of PGR5 has no effect on cyanobacterial photosynthesis
(Allahverdiyeva et al., 2013). The contribution of PGR5 to
P700 oxidation is observed in the green alga C. reinhardtii
(Mosebach et al, 2017), indicating that a PGR5-dependent
mechanism started to function as a P700 oxidation system after
photosynthetic eukaryotes had evolved.

Chloroplast NADPH Dehydrogenase
(NDH)

Recently, it has been reported that NDH can also function
as a P700 oxidation system under fluctuating light in
Cs plant leaves. During a study using artificial, angularly
incident, fluctuating light, mutants deficient in NDH showed
impaired induction of P700 oxidation in Arabidopsis thaliana
and Oryza sativa (Kono and Terashima, 2016; Yamori
et al, 2016). The impact of NDH on P700 oxidation has
also been tested during studies using sine-like artificial
fluctuating light, named Umibozu, at different frequencies
in A. thaliana, indicating that NDH is required for P700
oxidation only following a rapid change in light intensity
under rapidly fluctuating light (Shimakawa and Miyake,
2018a). In chloroplasts of C3 plant leaves, NDH has effects
on CEF (Shikanai et al, 1998) and chlororespiration
(Sazanov et al., 1998). One hypothesis of the mechanism of
NDH to support P700 oxidation is that NDH-dependent
CEF functions under fluctuating light to produce ApH,
limiting the electron transport in Cyt be/f by photosynthetic
control and accelerating the induction of photosynthesis
to relieve the limitation of the electron acceptor side of
PSI (Martin et al., 2015; Ishikawa et al, 2016; Kono and
Terashima, 2016; Yamori et al., 2016). Other is that NDH
contributes to oxidation of the chloroplast NADP* pool in
the darkness or low light in the process of chlororespiration,
which can support the rapid start of P700 oxidation in

response to the illumination with a fast fluctuating light
(Shimakawa and Miyake, 2018a). Further studies are
required on the detailed mechanisms of P700 oxidation by
NDH.

In cyanobacteria, NDH can have a large effect on the redox
state of both PQ and NADPH pools within cells, compared
with that in plant leaves, because NDH also functions in the
respiratory electron transport system (Mi et al., 2000; Ogawa
et al., 2013). Similar to the case of terminal oxidases, it should be
noted that the effects of NDH on P700 oxidation cannot be easily
compared between cyanobacteria and photosynthetic eukaryotes.

RETHINKING THE MECHANISM OF PSI
PHOTOINHIBITION AND THE DYNAMICS
OF ROS IN PSI

Recent studies have not only supported the hypothetical model
of the mechanisms of PSI photoinhibition, established on the
basis of the experimental findings of a study based on chilling
stress (Sonoike, 2011), but have also provided novel insights into
mechanisms for the generation of ROS in PSIL In this review,
we revisited the hypothetical model of the mechanisms of PSI
photoinhibition and the dynamics of ROS in PSI in oxygenic
photoautotrophs. Originally, in chloroplasts the production of
the ROS O,~ on the electron acceptor side of PSI has been
defined as the Mehler reaction (Mehler, 1951). There are four
electron acceptors for photo-excited P700 in PSI: chlorophyll
Ay (primary acceptor), phylloquinone A, and [4Fe-4S] clusters
Fx and Fa/Fg. Both phylloquinones exist asymmetrically in the
heterodimeric reaction centers of each of PsaA and PsaB (i.e.,
Aoa, Ao, A1a, and A;) (Joliot and Joliot, 1999). Among these
acceptors, the Mehler reaction has been proposed to mainly
occur at A (Kruk et al,, 2003) or Fx (Takahashi and Asada,
1988), which is supported by the lower midpoint redox potential
(versus NHE) for Ajg (—820 mV) and Fx (=730 mV) (Brettel
and Leibl, 2001; Kozuleva and Ivanov, 2010) than estimated
(02/027) in the lipid bilayer (from —500 to —600 mV versus
NHE) (Wardman, 1990).

The increase in the photo-oxidative damage in PSI during
rSP illumination in the range of light intensity for SP light,
from 2000 to 20,000 wmol photons m~2 s~! (Sejima et al,
2014), corresponds to the non-light saturation manner of the
production of O,~ at phylloquinones in PSI (Kozuleva et al.,
2014), which implies that O, produced by A;p is likely to cause
PSI photoinhibition. The production of O,~ can occur on both
the stromal and luminal sides of PSI (Takahashi and Asada, 1988;
Mubarakshina et al., 2006). O~ produced during this process
should immediately be disproportionated into H,O, by the
oxidation of ascorbate and superoxide dismutase in chloroplasts
(Scarpa et al., 1983; Miyake and Asada, 1992). Further, H,O, can
react with the reduced [4Fe-4S] centers to produce -OH where
the acceptor side of PSI is reduced (Youngman and Elstner, 1981;
Sonoike et al., 1997). The addition of methyl viologen, which
strongly oxidizes the [4Fe-4S] centers and reduces O; to O,~
on the stromal side of PSI, clearly alleviates PSI photoinhibition,
which suggests that the photo-oxidative damage in PSI is caused
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by -OH produced, depending on the reduced [4Fe-4S] centers
(Sonoike, 1996) and/or ROS generated inside PSI (Takagi et al.,
2016b).

Although all oxygenic photoautotrophs develop a variety of
scavenging enzymes for ROS, including superoxide dismutase,
ascorbate peroxidase, and catalase (Asada, 2006), at least
in a physiological sense, these scavenging enzymes possibly
have no impact on the alleviation of PSI photoinhibition.
Originally, Terashima et al. (1998) has found the slight
accumulation of H,O, with the lower activity of thylakoid-
bound ascorbate peroxidase in the Cs plant Cucumis sativus
in the transition to chilling stress where PSI photoinhibition
occurs in this plant. Whereas this finding clearly suggests that
the ascorbate peroxidase modulates the H,O, concentration
in the plant leaves, it is still unclear if the accumulated
H,0; causes PSI photoinhibition. Overall, the effects of P700
oxidation can be lost in the isolated thylakoid membrane.
Indeed, it has been proposed that the addition of superoxide
dismutase and catalase do not alleviate PSI photoinhibition
during a high light-stress treatment in an isolated PSI
submembrane (Subramanyam et al., 2005). In the cyanobacterial
FLV mutant that cannot keep P700 oxidized under CO,
limitation, PSI photoinhibition is rapidly induced even under
constant light with approximately 200 ptmol photons m~2 s~1
(Shimakawa et al., 2016b). In chloroplasts of plant leaves, PSI
photoinhibition is observed during rSP illumination even in
the presence of sufficient activities of superoxide dismutase
and ascorbate peroxidase (Takagi et al, 2016b). These data
clearly suggest that the scavenging enzymes of ROS cannot
prevent PSI photoinhibition. That is, once produced, O,~
is supposed to immediately attack PSI and/or trigger the
production of -OH before it is scavenged, which may be
supported by the significantly shorter lives of O, (2—4
pns) and -OH (<1 ps) than that of H,O, (1 ms; Van
Breusegem et al, 2001). Contrarily, the production and
diffusion of H,O, can be easily detected in photosynthetic cells
(Michelet et al., 2013; Roach et al., 2015), which is reasonable
considering that H,O, functions as a signaling molecule in
oxygenic photoautotrophs (Van Breusegem et al., 2001; Gldf3er
et al., 2014; Dietz et al, 2016). Overall, we propose that
the production of ROS leading to PSI photoinhibition can
be completely distinguished from those related to dynamic
metabolic and signaling mechanisms. It is possible that the
different production site of O, causes the different effects of
ROS on photosynthetic cells (Takagi et al., 2016b). Unfortunately,
identification of the primary site in PSI attacked by ROS
is still controversial (Tjus et al., 1999; Subramanyam et al,
2005; Takagi et al., 2016b), and more research is needed to
identify the proper dynamics of ROS around PSI in vivo. The
qualitative and quantitative relationships between the production
of ROS and PSI photoinhibition should be addressed in
future.

Besides O, and -OH, singlet O, (!O,) has been recently
suggested to be generated in PSI and cause PSI photoinhibition.
In the core and LHC complexes associated with PSI, triplet
Chl can produce 10, to cause PSI photoinhibition, unless
carotenoids such as P-carotene quench the triplet Chl

(Subramanyam et al., 2005; Cazzaniga et al, 2012, 2016),
which is considered a potential mechanism for alleviating PSI
photoinhibition, in addition to P700 oxidation system. Long-
lived triplet P700 suggests that 'O, is unlikely to be generated
from triplet P700 (Setif et al., 1981; Rutherford et al., 2012).
Nevertheless, the generation of 1O, originating from triplet P700
has recently been suggested during rSP illumination (Takagi
et al., 2016b, 2017b). Ultimately, it is difficult to exclude the
possibility that 'O, has an impact on the photo-oxidative damage
in PSI under severe excess light and in specific mutants.

CONCLUDING REMARKS

Oxygenic photoautotrophs can safely undergo photosynthesis
owing to P700 oxidation system. Despite the current poor
understanding of the mechanisms of PSI photoinhibition, the
effects of P700 oxidation on the alleviation of PSI photoinhibition
discussed herein are likely to be true based on a number
of experimental results (e.g., Figures 1-3). On the contrary,
a recent study has reported an inconsistency between PSI
photoinhibition and P700 oxidation in two different shade-
established tropical tree species (Huang et al., 2015). Indeed, the
degrees of PSI photoinhibition are diverse among a variety of
oxygenic photoautotrophs, regardless of P700 oxidation levels
(Takagi et al., 2017b), which probably reflects the different
levels of robustness of PSI against ROS in each species.
Most importantly, P700 oxidation is not directly linked to
photosynthesis. Nevertheless, it is impossible for oxygenic
photoautotrophs to live without P700 oxidation system because
PSI photoinhibition is the lethal event for them (Shimakawa et al.,
2016b). These facts reflect that all oxygenic photoautotrophs are
confronted with the potential risk of photo-oxidative damage
inevitably accompanied with exposure to light and O,. Diverse
molecular mechanisms, ie., P700 oxidation system, support
P700 oxidation (Figure 4). On the contrary, almost all the
agents of P700 oxidation system are still not characterized
at the molecular level. There would be various ways to keep
P700 oxidized. Intriguingly, the cyanobacterium Leptolyngbya
sp., the species thriving in the harsh conditions of the desert,
has been suggested to induce P700 oxidation by constricting
the thylakoid lumen to limit diffusion of PC (Bar-Eyal et al,
2015). Unimaginable diversity of the strategies for P700
oxidation are possibly still unexplored in a variety of oxygenic
photoautotrophs.

AUTHOR CONTRIBUTIONS

CM conceived the project and GS wrote the manuscript.

FUNDING

This work was supported by the Core Research for Evolutional
Science and Technology (CREST) of the Japan Science and
Technology Agency (Grant No. AL65D21010 to CM). GS is
supported as a JSPS research fellow (Grant No. 16]03443).

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1617


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

REFERENCES

Alboresi, A., Storti, M., and Morosinotto, T. (2018). Balancing protection and
efficiency in the regulation of photosynthetic electron transport across plant
evolution. New Phytol. doi: 10.1111/nph.15372 [Epub ahead of print].

Allahverdiyeva, Y., Isojarvi, J., Zhang, P., and Aro, E. M. (2015). Cyanobacterial
oxygenic photosynthesis is protected by flavodiiron proteins. Life 5, 716-743.
doi: 10.3390/1ife5010716

Allahverdiyeva, Y., Mustila, H., Ermakova, M., Bersanini, L., Richaud, P., Ajlani, G.,
et al. (2013). Flavodiiron proteins Flvl and Flv3 enable cyanobacterial growth
and photosynthesis under fluctuating light. Proc. Natl. Acad. Sci. U.S.A. 110,
4111-4116. doi: 10.1073/pnas.1221194110

Allakhverdiev, S. 1., and Murata, N. (2004). Environmental stress inhibits the
synthesis de novo of proteins involved in the photodamage-repair cycle of
Photosystem II in Synechocystis sp. PCC 6803. Biochim. Biophys. Acta Bioenerg.
1657, 23-32. doi: 10.1016/j.bbabio.2004.03.003

Anderson, J. M. (1992). Cytochrome bsf complex: dynamic molecular
organization, function and acclimation. Photosynth. Res. 34, 341-357.
doi: 10.1007/bf00029810

Andersson, B., and Barber, J. (1996). “Mechanisms of photodamage and protein
degradation during photoinhibition of photosystem II,” in Photosynthesis and
the Environment, ed. N. R. Baker (Dordrecht: Springer), 101-121.

Armbruster, U.,, Carrillo, L. R., Venema, K., Pavlovic, L., Schmidtmann, E.,
Kornfeld, A., et al. (2014). Ion antiport accelerates photosynthetic acclimation
in fluctuating light environments. Nat. Commun. 5:5439. doi: 10.1038/
ncomms6439

Aro, E. M., McCaffery, S., and Anderson, J. M. (1993). Photoinhibition and D1
protein degradation in peas acclimated to different growth irradiances. Plant
Physiol. 103, 835-843. doi: 10.1104/pp.103.3.835

Asada, K. (2006). Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiol. 141, 391-396. doi: 10.1104/
pp.106.082040

Avenson, T.]., Cruz, J. A., Kanazawa, A., and Kramer, D. M. (2005). Regulating the
proton budget of higher plant photosynthesis. Proc. Natl. Acad. Sci. U.S.A. 102,
9709-9713. doi: 10.1073/pnas.0503952102

Badger, M. R., and Schreiber, U. (1993). Effects of inorganic carbon accumulation
on photosynthetic oxygen reduction and cyclic electron flow in the
cyanobacterium Synechococcus PCC7942. Photosynth. Res. 37, 177-191.
doi: 10.1007/bf00032822

Badger, M. R, von Caemmerer, S., Ruuska, S., and Nakano, H. (2000). Electron flow
to oxygen in higher plants and algae: rates and control of direct photoreduction
(Mehler reaction) and rubisco oxygenase. Philos. Trans. R. Soc. Lond. 355,
1433-1446. doi: 10.1098/rstb.2000.0704

Barber, J., and Andersson, B. (1994). Revealing the blueprint of photosynthesis.
Nature 370, 31-34. doi: 10.1038/370031a0

Bar-Eyal, L., Eisenberg, L., Faust, A., Raanan, H., Nevo, R., Rappaport, F., et al.
(2015). An easily reversible structural change underlies mechanisms enabling
desert crust cyanobacteria to survive desiccation. Biochim. Biophys. Acta
Bioenerg. 1847, 1267-1273. doi: 10.1016/j.bbabio.2015.07.008

Berry, J. A., Osmond, C. B., and Lorimer, G. H. (1978). Fixation of 1802 during
photorespiration. Plant Physiol. 62, 954-967. doi: 10.1104/pp.62.6.954

Bidwell, R. G. S., and McLachlan, J. (1985). Carbon nutrition of seaweeds:
photosynthesis, photorespiration and respiration. J. Exp. Mar. Biol. Ecol. 86,
15-46. doi: 10.1016/0022-0981(85)90040- 1

Bolychevtseva, Y. V., Kuzminov, F. L, Elanskaya, I. V., Gorbunov, M. Y., and
Karapetyan, N. V. (2015). Photosystem activity and state transitions of the
photosynthetic apparatus in cyanobacterium Synechocystis PCC 6803 mutants
with different redox state of the plastoquinone pool. Biochemistry 80, 50-60.
doi: 10.1134/5000629791501006x

Brettel, K., and Leibl, W. (2001). Electron transfer in photosystem I. Biochim.
Biophys. Acta Bioenerg. 1507, 100-114. doi: 10.1016/S0005-2728(01)00202-X

Bukhov, N. G., and Carpentier, R. (2003). Measurement of photochemical
quenching of absorbed quanta in photosystem I of intact leaves using
simultaneous measurements of absorbance changes at 830 nm and thermal
dissipation. Planta 216, 630-638. doi: 10.1007/s00425-002-0886-2

Burlacot, A., Sawyer, A., Cuiné, S., Auroy, P., Blangy, S., Happe, T., et al
(2018). Flavodiiron-mediated O photoreduction links H, production with

CO; fixation during the anaerobic induction of photosynthesis. Plant Physiol.
177, 1639-1649. doi: 10.1104/pp.18.00721

Calvin, M., and Benson, A. A. (1948). The Path of Carbon in Photosynthesis.
Washington, DC: US Atomic Energy Commission. doi: 10.2172/927200

Cazzaniga, S., Bressan, M., Carbonera, D., Agostini, A., and Dall'Osto, L.
(2016). Differential roles of carotenes and xanthophylls in photosystem
I photoprotection. Biochemistry 55, 3636-3649. doi: 10.1021/acs.biochem.
6b00425

Cazzaniga, S., Li, Z., Niyogi, K. K., Bassi, R., and Dall'Osto, L. (2012). The
Arabidopsis szII mutant reveals a critical role of f -carotene in photosystem
I photoprotection. Plant Physiol. 159, 1745-1758. doi: 10.1104/pp.112.201137

Chaux, F., Burlacot, A., Mekhalfi, M., Auroy, P., Blangy, S., Richaud, P., et al.
(2017). Flavodiiron proteins promote fast and transient O, photoreduction in
Chlamydomonas. Plant Physiol. 174, 1825-1836. doi: 10.1104/pp.17.00421

Cramer, W. A, Zhang, H., Yan, J,, Kurisu, G., and Smith, J. L. (2006).
Transmembrane traffic in the cytochrome bsf complex. Annu. Rev. Biochem.
75, 769-790. doi: 10.1146/annurev.biochem.75.103004.142756

Critchley, C. (1981). Studies on the mechanism of photoinhibition in higher plants.
Plant Physiol. 67, 1161-1165. doi: 10.1104/pp.67.6.1161

Di Matteo, A., Scandurra, F. M., Testa, F., Forte, E., Sarti, P., Brunori, M., et al.
(2008). The O,-scavenging flavodiiron protein in the human parasite Giardia
intestinalis. ]. Biol. Chem. 283, 4061-4068. doi: 10.1074/jbc.M705605200

Dietz, K.-J., Turkan, I, and Krieger-Liszkay, A. (2016). Redox- and reactive oxygen
species-dependent signaling into and out of the photosynthesizing chloroplast.
Plant Physiol. 171, 1541-1550. doi: 10.1104/pp.16.00375

Driever, S. M., and Baker, N. R. (2011). The water-water cycle in leaves is not a
major alternative electron sink for dissipation of excess excitation energy when
CO; assimilation is restricted. Plant Cell Environ. 34, 837-846. doi: 10.1111/j.
1365-3040.2011.02288.x

Eisenhut, M., Kahlon, S., Hasse, D., Ewald, R., Lieman-Hurwitz, J., Ogawa, T., et al.
(2006). The plant-like C; glycolate cycle and the bacterial-like glycerate pathway
cooperate in phosphoglycolate metabolism in cyanobacteria. Plant Physiol. 142,
333-342. doi: 10.1104/pp.106.082982

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven, J. A., Schofield, O.,
et al. (2004). The evolution of modern eukaryotic phytoplankton. Science 305,
354-360. doi: 10.1126/science.1095964

Feilke, K., Streb, P., Cornic, G., Perreau, F., Kruk, J., and Krieger-Liszkay, A. (2016).
Effect of Chlamydomonas plastid terminal oxidase 1 expressed in tobacco on
photosynthetic electron transfer. Plant J. 85, 219-228. doi: 10.1111/tpj.13101

Fischer, B. B., Hideg, E., and Krieger-Liszkay, A. (2013). Production, detection, and
signaling of singlet oxygen in photosynthetic organisms. Antioxid. Redox Signal.
18, 2145-2162. doi: 10.1089/ars.2012.5124

Foyer, C., Furbank, R., Harbinson, J., and Horton, P. (1990). The mechanisms
contributing to photosynthetic control of electron transport by carbon
assimilation in leaves. Photosynth. Res. 25, 83-100. doi: 10.1007/bf00035457

Gerotto, C., Alboresi, A., Meneghesso, A., Jokel, M., Suorsa, M., Aro, E.-M,, et al.
(2016). Flavodiiron proteins act as safety valve for electrons in Physcomitrella
patens. Proc. Natl. Acad. Sci. U.S.A. 113, 12322-12327. doi: 10.1073/pnas.
1606685113

Glafler, C., Haberer, G., Finkemeier, 1., Pfannschmidt, T., Kleine, T., Leister, D.,
et al. (2014). Meta-analysis of retrograde signaling in Arabidopsis thaliana
reveals a core module of genes embedded in complex cellular signaling
networks. Mol. Plant 7, 1167-1190. doi: 10.1093/mp/ssu042

Golding, A.J., and Johnson, G. N. (2003). Down-regulation of linear and activation
of cyclic electron transport during drought. Planta 218, 107-114. doi: 10.1007/
s00425-003-1077-5

Hakala, M., Tuominen, I, Kerdnen, M., Tyystjarvi, T., and Tyystjirvi, E.
(2005). Evidence for the role of the oxygen-evolving manganese complex in
photoinhibition of Photosystem II. Biochim. Biophys. Acta Bioenerg. 1706,
68-80. doi: 10.1016/j.bbabio.2004.09.001

Hanawa, H., Ishizaki, K., Nohira, K., Takagi, D., Shimakawa, G., Sejima, T., et al.
(2017). Land plants drive photorespiration as higher electron-sink: comparative
study of post-illumination transient O,-uptake rates from liverworts to
angiosperms through ferns and gymnosperms. Physiol. Plant 161, 138-149.
doi: 10.1111/ppl.12580

Hanke, G. T., Satomi, Y., Shinmura, K., Takao, T., and Hase, T. (2011). A screen for
potential ferredoxin electron transfer partners uncovers new, redox dependent

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1617


https://doi.org/10.1111/nph.15372
https://doi.org/10.3390/life5010716
https://doi.org/10.1073/pnas.1221194110
https://doi.org/10.1016/j.bbabio.2004.03.003
https://doi.org/10.1007/bf00029810
https://doi.org/10.1038/ncomms6439
https://doi.org/10.1038/ncomms6439
https://doi.org/10.1104/pp.103.3.835
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1073/pnas.0503952102
https://doi.org/10.1007/bf00032822
https://doi.org/10.1098/rstb.2000.0704
https://doi.org/10.1038/370031a0
https://doi.org/10.1016/j.bbabio.2015.07.008
https://doi.org/10.1104/pp.62.6.954
https://doi.org/10.1016/0022-0981(85)90040-1
https://doi.org/10.1134/s000629791501006x
https://doi.org/10.1016/S0005-2728(01)00202-X
https://doi.org/10.1007/s00425-002-0886-2
https://doi.org/10.1104/pp.18.00721
https://doi.org/10.2172/927200
https://doi.org/10.1021/acs.biochem.6b00425
https://doi.org/10.1021/acs.biochem.6b00425
https://doi.org/10.1104/pp.112.201137
https://doi.org/10.1104/pp.17.00421
https://doi.org/10.1146/annurev.biochem.75.103004.142756
https://doi.org/10.1104/pp.67.6.1161
https://doi.org/10.1074/jbc.M705605200
https://doi.org/10.1104/pp.16.00375
https://doi.org/10.1111/j.1365-3040.2011.02288.x
https://doi.org/10.1111/j.1365-3040.2011.02288.x
https://doi.org/10.1104/pp.106.082982
https://doi.org/10.1126/science.1095964
https://doi.org/10.1111/tpj.13101
https://doi.org/10.1089/ars.2012.5124
https://doi.org/10.1007/bf00035457
https://doi.org/10.1073/pnas.1606685113
https://doi.org/10.1073/pnas.1606685113
https://doi.org/10.1093/mp/ssu042
https://doi.org/10.1007/s00425-003-1077-5
https://doi.org/10.1007/s00425-003-1077-5
https://doi.org/10.1016/j.bbabio.2004.09.001
https://doi.org/10.1111/ppl.12580
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

interactions. Biochim. Biophys. Acta Proteins Proteom. 1814, 366-374. doi: 10.
1016/j.bbapap.2010.09.011

Harbinson, J., and Hedley, C. L. (1993). Changes in P-700 oxidation during the
early stages of the induction of photosynthesis. Plant Physiol. 103, 649-660.
doi: 10.1104/pp.103.2.649

Havaux, M., and Eyletters, M. (1991). Is the in vivo photosystem I function resistant
to photoinhibition? An answer from photoacoustic and far-red absorbance
measurements in intact leaves. Z. Naturforsch. C 46, 1038-1044. doi: 10.1515/
znc-1991-11-1218

Hayashi, R., Shimakawa, G., Shaku, K., Shimizu, S., Akimoto, S., Yamamoto, H.,
et al. (2014). O,-dependent large electron flow functioned as an electron sink,
replacing the steady-state electron flux in photosynthesis in the cyanobacterium
Synechocystis sp. PCC 6803, but not in the cyanobacterium Synechococcus sp.
PCC 7942. Biosci. Biotechnol. Biochem. 78, 384-393. doi: 10.1080/09168451.
2014.882745

Helman, Y., Tchernov, D., Reinhold, L., Shibata, M., Ogawa, T., Schwarz, R,, et al.
(2003). Genes encoding A-type flavoproteins are essential for photoreduction
of O, in cyanobacteria. Curr. Biol. 13, 230-235. doi: 10.1016/S0960-9822(03)
00046-0

Huang, W., Zhang, S.-B., Zhang, J.-L., and Hu, H. (2015). Photoinhibition of
photosystem I under high light in the shade-established tropical tree species
Psychotria rubra. Front. Plant Sci. 6:801. doi: 10.3389/fpls.2015.00801

1lik, P., Pavlovi¢, A., Koufil, R., Alboresi, A., Morosinotto, T., Allahverdiyeva, Y.,
et al. (2017). Alternative electron transport mediated by flavodiiron proteins is
operational in organisms from cyanobacteria up to gymnosperms. New Phytol.
214, 967-972. doi: 10.1111/nph.14536

Inoue, K., Sakurai, H., and Hiyama, T. (1986). Photoinactivation sites of
photosystem I in isolated chloroplasts. Plant Cell Physiol. 27, 961-968.
doi: 10.1093/oxfordjournals.pcp.a077213

Ishikawa, N., Takabayashi, A., Noguchi, K., Tazoe, Y., Yamamoto, H., von
Caemmerer, S., et al. (2016). NDH-mediated cyclic electron flow around
photosystem I is crucial for C4 photosynthesis. Plant Cell Physiol. 57,
2020-2028. doi: 10.1093/pcp/pew127

Jensen, P. E., Bassi, R., Boekema, E. J., Dekker, J. P., Jansson, S., Leister, D., et al.
(2007). Structure, function and regulation of plant photosystem 1. Biochim.
Biophys. Acta Bioenerg. 1767, 335-352. doi: 10.1016/j.bbabio.2007.03.004

Jimbo, H., Yutthanasirikul, R., Nagano, T., Hisabori, T., Hihara, Y., and
Nishiyama, Y. (2018). Oxidation of translation factor EF-Tu inhibits the repair
of photosystem II. Plant Physiol. 176, 2691-2699. doi: 10.1104/pp.18.00037

Joét, T., Genty, B., Josse, E.-M., Kuntz, M., Cournac, L., and Peltier, G. (2002).
Involvement of a plastid terminal oxidase in plastoquinone oxidation as
evidenced by expression of the Arabidopsis thaliana enzyme in tobacco. J. Biol.
Chem. 277, 31623-31630. doi: 10.1074/jbc.M203538200

Johnson, G. N., and Stepien, P. (2016). Plastid terminal oxidase as a route to
improving plant stress tolerance: known knowns and known unknowns. Plant
Cell Physiol. 57, 1387-1396. doi: 10.1093/pcp/pcw042

Joliot, P., and Joliot, A. (1999). In vivo analysis of the electron transfer
within photosystem I: are the two phylloquinones involved? Biochemistry 38,
11130-11136. doi: 10.1021/bi990857¢

Kanazawa, A., Ostendorf, E., Kohzuma, K., Hoh, D., Strand, D. D., Sato-
Cruz, M., et al. (2017). Chloroplast ATP synthase modulation of the thylakoid
proton motive force: implications for photosystem I and photosystem II
photoprotection. Front. Plant Sci. 8:719. doi: 10.3389/fpls.2017.00719

Klughammer, C., and Schreiber, U. (1994). An improved method, using saturating
light pulses, for the determination of photosystem I quantum yield via P700" -
absorbance changes at 830 nm. Planta 192, 261-268. doi: 10.1007/bf01089043

Kok, B. (1956). On the inhibition of photosynthesis by intense light. Biochim.
Biophys. Acta 21, 234-244. doi: 10.1016/0006-3002(56)90003- 8

Kono, M., and Terashima, L. (2016). Elucidation of photoprotective mechanisms of
PSI against fluctuating light photoinhibition. Plant Cell Physiol. 57, 1405-1414.
doi: 10.1093/pcp/pcw103

Kono, M., Yamori, W., Suzuki, Y., and Terashima, I. (2017). Photoprotection
of PSI by far-red light against the fluctuating light-induced photoinhibition
in Arabidopsis thaliana and field-grown plants. Plant Cell Physiol. 58, 35-45.
doi: 10.1093/pcp/pcw215

Kozaki, A., and Takeba, G. (1996). Photorespiration protects C3 plants from
photooxidation. Nature 384, 557-560. doi: 10.1038/384557a0

Kozuleva, M. A., and Ivanov, B. N. (2010). Evaluation of the participation
of ferredoxin in oxygen reduction in the photosynthetic electron transport
chain of isolated pea thylakoids. Photosynth. Res. 105, 51-61. doi: 10.1007/s11
120-010-9565-5

Kozuleva, M. A, Petrova, A. A., Mamedov, M. D., Semenov, A. Y., and Ivanov, B. N.
(2014). O, reduction by photosystem I involves phylloquinone under steady-
state illumination. FEBS Lett. 588, 4364-4368. doi: 10.1016/j.febslet.2014.
10.003

Krause, G. H., Koster, S., and Wong, S. C. (1985). Photoinhibition of
photosynthesis under anaerobic conditions studied with leaves and chloroplasts
of Spinacia oleracea L. Planta 165, 430-438. doi: 10.1007/bf00392242

Kruk, J., Jemiota-Rzeminska, M., Burda, K., Schmid, G. H., and Strzatka, K. (2003).
Scavenging of superoxide generated in photosystem I by plastoquinol and other
prenyllipids in thylakoid membranes. Biochemistry 42, 8501-8505. doi: 10.1021/
bi034036q

Kudoh, H., and Sonoike, K. (2002). Irreversible damage to photosystem I by
chilling in the light: cause of the degradation of chlorophyll after returning
to normal growth temperature. Planta 215, 541-548. doi: 10.1007/500425-00
2-0790-9

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

Martin, M., Noarbe, D. M., Serrot, P. H., and Sabater, B. (2015). The rise of
the photosynthetic rate when light intensity increases is delayed in ndh gene-
defective tobacco at high but not at low CO; concentrations. Front. Plant Sci.
6:34. doi: 10.3389/fpls.2015.00034

McDonald, A. E., Ivanov, A. G., Bode, R., Maxwell, D. P., Rodermel, S. R., and
Hiiner, N. P. A. (2011). Flexibility in photosynthetic electron transport: the
physiological role of plastoquinol terminal oxidase (PTOX). Biochim. Biophys.
Acta Bioenerg. 1807, 954-967. doi: 10.1016/j.bbabio.2010.10.024

Mehler, A. H. (1951). Studies on reactions of illuminated chloroplasts. Arch.
Biochem. Biophys. 33, 65-77. doi: 10.1016/0003-9861(51)90082-3

Melis, A. (1999). Photosystem-II damage and repair cycle in chloroplasts: what
modulates the rate of photodamage in vivo? Trends Plant Sci. 4, 130-135.
doi: 10.1016/S1360-1385(99)01387-4

Mi, H., Klughammer, C., and Schreiber, U. (2000). Light-induced dynamic changes
of NADPH fluorescence in Synechocystis PCC 6803 and its ndhB-defective
mutant M55. Plant Cell Physiol. 41, 1129-1135. doi: 10.1093/pcp/pcd038

Michelet, L., Roach, T., Fischer, B. B., Bedhomme, M., Lemaire, S. D., and
Krieger-Liszkay, A. (2013). Down-regulation of catalase activity allows transient
accumulation of a hydrogen peroxide signal in Chlamydomonas reinhardtii.
Plant Cell Environ. 36, 1204-1213. doi: 10.1111/pce.12053

Mikko, T., and Steffen, G. (2018). Switching off photoprotection of photosystem
I - a novel tool for gradual PSI photoinhibition. Physiol. Plant. 162, 156-161.
doi: 10.1111/ppl.12618

Misumi, M., Katoh, H., Tomo, T., and Sonoike, K. (2016). Relationship between
photochemical quenching and non-photochemical quenching in six species of
cyanobacteria reveals species difference in redox state and species commonality
in energy dissipation. Plant Cell Physiol. 57, 1510-1517. doi: 10.1093/pcp/
pcvl8s

Misumi, M., and Sonoike, K. (2017). Characterization of the influence of
chlororespiration on the regulation of photosynthesis in the glaucophyte
Cyanophora paradoxa. Sci. Rep. 7:46100. doi: 10.1038/srep46100

Mitchell, P. (1966). Chemiosmotic coupling in oxidative and photosynthetic
phosphorylation. Biol. Rev. Cambridge Philos. Soc. 41, 445-501. doi: 10.1111/
j.1469-185X.1966.tb01501.x

Miyake, C., and Asada, K. (1992). Thylakoid-bound ascorbate peroxidase in
spinach chloroplasts and photoreduction of its primary oxidation product
monodehydroascorbate radicals in thylakoids. Plant Cell Physiol. 33, 541-553.
doi: 10.1093/oxfordjournals.pcp.a078288

Miyake, C., Michihata, F., and Asada, K. (1991). Scavenging of hydrogen peroxide
in prokaryotic and eukaryotic algae: acquisition of ascorbate peroxidase during
the evolution of cyanobacteria. Plant Cell Physiol. 32, 33-43. doi: 10.1093/
oxfordjournals.pcp.a078050

Miyake, C., Miyata, M., Shinzaki, Y., and Tomizawa, K. (2005). CO, response of
cyclic electron flow around PSI (CEF-PSI) in tobacco leaves-relative electron
fluxes through PST and PSII determine the magnitude of non-photochemical

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1617


https://doi.org/10.1016/j.bbapap.2010.09.011
https://doi.org/10.1016/j.bbapap.2010.09.011
https://doi.org/10.1104/pp.103.2.649
https://doi.org/10.1515/znc-1991-11-1218
https://doi.org/10.1515/znc-1991-11-1218
https://doi.org/10.1080/09168451.2014.882745
https://doi.org/10.1080/09168451.2014.882745
https://doi.org/10.1016/S0960-9822(03)00046-0
https://doi.org/10.1016/S0960-9822(03)00046-0
https://doi.org/10.3389/fpls.2015.00801
https://doi.org/10.1111/nph.14536
https://doi.org/10.1093/oxfordjournals.pcp.a077213
https://doi.org/10.1093/pcp/pcw127
https://doi.org/10.1016/j.bbabio.2007.03.004
https://doi.org/10.1104/pp.18.00037
https://doi.org/10.1074/jbc.M203538200
https://doi.org/10.1093/pcp/pcw042
https://doi.org/10.1021/bi990857c
https://doi.org/10.3389/fpls.2017.00719
https://doi.org/10.1007/bf01089043
https://doi.org/10.1016/0006-3002(56)90003-8
https://doi.org/10.1093/pcp/pcw103
https://doi.org/10.1093/pcp/pcw215
https://doi.org/10.1038/384557a0
https://doi.org/10.1007/s11120-010-9565-5
https://doi.org/10.1007/s11120-010-9565-5
https://doi.org/10.1016/j.febslet.2014.10.003
https://doi.org/10.1016/j.febslet.2014.10.003
https://doi.org/10.1007/bf00392242
https://doi.org/10.1021/bi034036q
https://doi.org/10.1021/bi034036q
https://doi.org/10.1007/s00425-002-0790-9
https://doi.org/10.1007/s00425-002-0790-9
https://doi.org/10.1007/s00425-003-1111-7
https://doi.org/10.3389/fpls.2015.00034
https://doi.org/10.1016/j.bbabio.2010.10.024
https://doi.org/10.1016/0003-9861(51)90082-3
https://doi.org/10.1016/S1360-1385(99)01387-4
https://doi.org/10.1093/pcp/pcd038
https://doi.org/10.1111/pce.12053
https://doi.org/10.1111/ppl.12618
https://doi.org/10.1093/pcp/pcv185
https://doi.org/10.1093/pcp/pcv185
https://doi.org/10.1038/srep46100
https://doi.org/10.1111/j.1469-185X.1966.tb01501.x
https://doi.org/10.1111/j.1469-185X.1966.tb01501.x
https://doi.org/10.1093/oxfordjournals.pcp.a078288
https://doi.org/10.1093/oxfordjournals.pcp.a078050
https://doi.org/10.1093/oxfordjournals.pcp.a078050
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

quenching (NPQ) of Chl fluorescence. Plant Cell Physiol. 46, 629-637. doi:
10.1093/pcp/pci067

Mosebach, L., Heilmann, C., Mutoh, R., Gébelein, P., Steinbeck, J., Happe, T.,
et al. (2017). Association of Ferredoxin:NADP™' oxidoreductase with the
photosynthetic apparatus modulates electron transfer in Chlamydomonas
reinhardtii. Photosynth. Res. 134, 291-306. doi: 10.1007/s11120-017-0408-5

Mubarakshina, M., Khorobrykh, S., and Ivanov, B. (2006). Oxygen reduction in
chloroplast thylakoids results in production of hydrogen peroxide inside the
membrane. Biochim. Biophys. Acta Bioenerg. 1757, 1496-1503. doi: 10.1016/].
bbabio.2006.09.004

Munekage, Y., Hojo, M., Meurer, ., Endo, T., Tasaka, M., and Shikanai, T. (2002).
PGR5 is involved in cyclic electron flow around photosystem I and is essential
for photoprotection in Arabidopsis. Cell 110, 361-371. doi: 10.1016/S00
92-8674(02)00867-X

Murata, N., Takahashi, S., Nishiyama, Y., and Allakhverdiev, S. 1. (2007).
Photoinhibition of photosystem II under environmental stress. Biochim.
Biophys. Acta Bioenerg. 1767, 414-421. doi: 10.1016/j.bbabio.2006.11.019

Nandha, B., Finazzi, G., Joliot, P., Hald, S., and Johnson, G. N. (2007). The role
of PGR5 in the redox poising of photosynthetic electron transport. Biochim.
Biophys. Acta Bioenerg. 1767, 1252-1259. doi: 10.1016/j.bbabio.2007.07.007

Nathan, N., and Wolfgang, J. (2015). Structure and energy transfer in photosystems
of oxygenic photosynthesis. Annu. Rev. Biochem. 84, 659-683. doi: 10.1146/
annurev-biochem-092914-041942

Neidhardt, J., Benemann, J. R., Zhang, L., and Melis, A. (1998). Photosystem-
II repair and chloroplast recovery from irradiance stress: relationship
between chronic photoinhibition, light-harvesting chlorophyll antenna size and
photosynthetic productivity in Dunaliella salina (green algae). Photosynth. Res.
56, 175-184. doi: 10.1023/a:1006024827225

Nishio, J. N., and Whitmarsh, J. (1993). Dissipation of the proton electrochemical
potential in intact chloroplasts (II. The pH gradient monitored by cytochrome
f reduction kinetics). Plant Physiol. 101, 89-96. doi: 10.1104/pp.101.1.89

Noridomi, M., Nakamura, S., Tsuyama, M., Futamura, N., and Vladkova, R.
(2017). Opposite domination of cyclic and pseudocyclic electron flows in short-
illuminated dark-adapted leaves of angiosperms and gymnosperms. Photosynth.
Res. 134, 149-164. doi: 10.1007/s11120-017-0419-2

Nuijs, A. M., Shuvalov, V. A,, van Gorkom, H. J., Plijter, J. J., and Duysens,
L. N. M. (1986). Picosecond absorbance difference spectroscopy on the primary
reactions and the antenna-excited states in Photosystem I particles. Biochim.
Biophys. Acta Bioenerg. 850, 310-318. doi: 10.1016/0005-2728(86)90186-6

Ogawa, T., Harada, T., Ozaki, H., and Sonoike, K. (2013). Disruption of
the ndhF1 gene affects Chl fluorescence through state transition in the
cyanobacterium Synechocystis sp. PCC 6803, resulting in apparent high
efficiency of photosynthesis. Plant Cell Physiol. 54, 1164-1171. doi: 10.1093/
pcp/pct068

Ogren, W. L. (1984). Photorespiration: pathways, regulation, and modification.
Annu. Rev. Plant Physiol. 35, 415-442. doi: 10.1146/annurev.pp.35.060184.
002215

Orr, D. J., Alcantara, A., Kapralov, M. V., Andralojc, P. J., Carmo-Silva, E., and
Parry, M. A. J. (2016). Surveying Rubisco diversity and temperature response
to improve crop photosynthetic efficiency. Plant Physiol. 172, 707-717. doi:
10.1104/pp.16.00750

Paumann, M., Regelsberger, G., Obinger, C., and Peschek, G. A. (2005). The
bioenergetic role of dioxygen and the terminal oxidase(s) in cyanobacteria.
Biochim. Biophys. Acta Bioenerg. 1707, 231-253. doi: 10.1016/j.bbabio.2004.1
2.007

Pils, D., Gregor, W., and Schmetterer, G. (1997). Evidence for in vivo activity of
three distinct respiratory terminal oxidases in the cyanobacterium Synechocystis
sp. strain PCC6803. FEMS Microbiol. Lett. 152, 83-88. doi: 10.1111/j.1574-6968.
1997.tb10412.x

Pospisil, P. (2016). Production of reactive oxygen species by photosystem II as a
response to light and temperature stress. Front. Plant Sci. 7:1950. doi: 10.3389/
fpls.2016.01950

Powles, S. B., and Bjérkman, O. (1982). Photoinhibition of photosynthesis:
effect on chlorophyll fluorescence at 77K in intact leaves and in chloroplast
membranes of Nerium oleander. Planta 156, 97-107. doi: 10.1007/bf00395424

Powles, S. B., Osmond, C. B., and Thorne, S. W. (1979). Photoinhibition of intact
attached leaves of C3 plants illuminated in the absence of both carbon dioxide
and of photorespiration. Plant Physiol. 64, 982-988. doi: 10.1104/pp.64.6.982

Rademacher, N., Kern, R., Fujiwara, T., Mettler-Altmann, T., Miyagishima, S.,
Hagemann, M., et al. (2016). Photorespiratory glycolate oxidase is essential
for the survival of the red alga Cyanidioschyzon merolae under ambient CO,
conditions. J. Exp. Bot. 67, 3165-3175. doi: 10.1093/jxb/erw118

Roach, T,, Na, C. S, and Krieger-Liszkay, A. (2015). High light-induced hydrogen
peroxide production in Chlamydomonas reinhardtii is increased by high CO,
availability. Plant J. 81, 759-766. doi: 10.1111/tpj.12768

Roberty, S., Bailleul, B., Berne, N., Franck, F., and Cardol, P. (2014). PSI
Mehler reaction is the main alternative photosynthetic electron pathway in
Symbiodinium sp., symbiotic dinoflagellates of cnidarians. New Phytol. 204,
81-91. doi: 10.1111/nph.12903

Romio, C. V., Vicente, J. B., Borges, P. T., Frazdo, C., and Teixeira, M. (2016). The
dual function of flavodiiron proteins: oxygen and/or nitric oxide reductases.
J. Biol. Inorg. Chem. 21, 39-52. doi: 10.1007/s00775-015-1329-4

Rosso, D., Ivanov, A. G., Fu, A., Geisler-Lee, J., Hendrickson, L., Geisler, M.,
et al. (2006). IMMUTANS does not act as a stress-induced safety valve
in the protection of the photosynthetic apparatus of Arabidopsis during
steady-state photosynthesis. Plant Physiol. 142, 574-585. doi: 10.1104/pp.106.08
5886

Rumeau, D., Peltier, G., and Cournac, L. (2007). Chlororespiration and cyclic
electron flow around PSI during photosynthesis and plant stress response. Plant
Cell Environ. 30, 1041-1051. doi: 10.1111/j.1365-3040.2007.01675.x

Rutherford, A. W., Osyczka, A., and Rappaport, F. (2012). Back-reactions, short-
circuits, leaks and other energy wasteful reactions in biological electron transfer:
redox tuning to survive life in O,. FEBS Lett. 586, 603-616. doi: 10.1016/].
febslet.2011.12.039

Ruuska, S. A., Badger, M. R., Andrews, T. J., and von Caemmerer, S. (2000).
Photosynthetic electron sinks in transgenic tobacco with reduced amounts of
Rubisco: little evidence for significant Mehler reaction. J. Exp. Bot. 51, 357-368.
doi: 10.1093/jexbot/51.suppl_1.357

Satoh, K. (1970). Mechanism of photoinactivation in photosynthetic systems II.
The occurrence and properties of two different types of photoinactivation. Plant
Cell Physiol. 11, 29-38. doi: 10.1093/oxfordjournals.pcp.a074493

Sazanov, L. A., Burrows, P. A,, and Nixon, P. J. (1998). The chloroplast Ndh
complex mediates the dark reduction of the plastoquinone pool in response
to heat stress in tobacco leaves. FEBS Lett. 429, 115-118. doi: 10.1016/S0
014-5793(98)00573-0

Scarpa, M., Stevanato, R., Viglino, P., and Rigo, A. (1983). Superoxide ion as active
intermediate in the autoxidation of ascorbate by molecular oxygen. Effect of
superoxide dismutase. J. Biol. Chem. 258, 6695-6697.

Schéttler, M. A., and Téth, S. Z. (2014). Photosynthetic complex stoichiometry
dynamics in higher plants: environmental acclimation and photosynthetic flux
control. Front. Plant Sci. 5:188. doi: 10.3389/fpls.2014.00188

Schreiber, U., and Neubauer, C. (1990). O;-dependent electron flow,
membrane energization and the mechanism of non-photochemical
quenching of chlorophyll fluorescence. Photosynth. Res. 25, 279-293.
doi: 10.1007/bf00033169

Schuurmans, R. M., van Alphen, P., Schuurmans, J. M., Matthijs, H. C. P,,
and Hellingwerf, K. J. (2015). Comparison of the photosynthetic yield of
cyanobacteria and green algae: different methods give different answers. PLoS
One 10:e0139061. doi: 10.1371/journal.pone.0139061

Sejima, T., Hanawa, H., Shimakawa, G., Takagi, D., Suzuki, Y., Fukayama, H., et al.
(2016). Post-illumination transient O,-uptake is driven by photorespiration in
tobacco leaves. Physiol. Plant. 156, 227-238. doi: 10.1111/ppl.12388

Sejima, T., Takagi, D., Fukayama, H., Makino, A., and Miyake, C. (2014). Repetitive
short-pulse light mainly inactivates photosystem I in sunflower leaves. Plant
Cell Physiol. 55, 1184-1193. doi: 10.1093/pcp/pcu061

Semenov, A. Y., Vassiliev, I. R, van der Est, A, Mamedov, M. D., Zybailov, B.,
Shen, G., et al. (2000). Recruitment of a foreign quinone into the Al
site of photosystem I: altered kinetics of electron transfer in phylloquinone
biosynthetic pathway mutants studied by time-resolved optical, EPR, and
electrometric techniques. J. Biol. Chem. 275, 23429-23438. doi: 10.1074/jbc.
M000508200

Setif, P., Hervo, G., and Mathis, P. (1981). Flash-induced absorption changes in
Photosystem I, Radical pair or triplet state formation? Biochim. Biophys. Acta
Bioenerg. 638, 257-267. doi: 10.1016/0005-2728(81)90235-8

Shaku, K., Shimakawa, G., Hashiguchi, M., and Miyake, C. (2016). Reduction-
induced suppression of electron flow (RISE) in the photosynthetic electron

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1617


https://doi.org/10.1093/pcp/pci067
https://doi.org/10.1093/pcp/pci067
https://doi.org/10.1007/s11120-017-0408-5
https://doi.org/10.1016/j.bbabio.2006.09.004
https://doi.org/10.1016/j.bbabio.2006.09.004
https://doi.org/10.1016/S0092-8674(02)00867-X
https://doi.org/10.1016/S0092-8674(02)00867-X
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.1016/j.bbabio.2007.07.007
https://doi.org/10.1146/annurev-biochem-092914-041942
https://doi.org/10.1146/annurev-biochem-092914-041942
https://doi.org/10.1023/a:1006024827225
https://doi.org/10.1104/pp.101.1.89
https://doi.org/10.1007/s11120-017-0419-2
https://doi.org/10.1016/0005-2728(86)90186-6
https://doi.org/10.1093/pcp/pct068
https://doi.org/10.1093/pcp/pct068
https://doi.org/10.1146/annurev.pp.35.060184.002215
https://doi.org/10.1146/annurev.pp.35.060184.002215
https://doi.org/10.1104/pp.16.00750
https://doi.org/10.1104/pp.16.00750
https://doi.org/10.1016/j.bbabio.2004.12.007
https://doi.org/10.1016/j.bbabio.2004.12.007
https://doi.org/10.1111/j.1574-6968.1997.tb10412.x
https://doi.org/10.1111/j.1574-6968.1997.tb10412.x
https://doi.org/10.3389/fpls.2016.01950
https://doi.org/10.3389/fpls.2016.01950
https://doi.org/10.1007/bf00395424
https://doi.org/10.1104/pp.64.6.982
https://doi.org/10.1093/jxb/erw118
https://doi.org/10.1111/tpj.12768
https://doi.org/10.1111/nph.12903
https://doi.org/10.1007/s00775-015-1329-4
https://doi.org/10.1104/pp.106.085886
https://doi.org/10.1104/pp.106.085886
https://doi.org/10.1111/j.1365-3040.2007.01675.x
https://doi.org/10.1016/j.febslet.2011.12.039
https://doi.org/10.1016/j.febslet.2011.12.039
https://doi.org/10.1093/jexbot/51.suppl_1.357
https://doi.org/10.1093/oxfordjournals.pcp.a074493
https://doi.org/10.1016/S0014-5793(98)00573-0
https://doi.org/10.1016/S0014-5793(98)00573-0
https://doi.org/10.3389/fpls.2014.00188
https://doi.org/10.1007/bf00033169
https://doi.org/10.1371/journal.pone.0139061
https://doi.org/10.1111/ppl.12388
https://doi.org/10.1093/pcp/pcu061
https://doi.org/10.1074/jbc.M000508200
https://doi.org/10.1074/jbc.M000508200
https://doi.org/10.1016/0005-2728(81)90235-8
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

transport system of Synechococcus elongatus PCC 7942. Plant Cell Physiol. 57,
1443-1453. doi: 10.1093/pcp/pcv198

Shikanai, T., Endo, T., Hashimoto, T., Yamada, Y., Asada, K., and Yokota, A.
(1998). Directed disruption of the tobacco ndhB gene impairs cyclic electron
flow around photosystem I. Proc. Natl. Acad. Sci. U.S.A. 95, 9705-9709. doi:
10.1073/pnas.95.16.9705

Shimakawa, G., Akimoto, S., Ueno, Y., Wada, A., Shaku, K., Takahashi, Y.,
et al. (2016a). Diversity in photosynthetic electron transport under [CO;]-
limitation: the cyanobacterium Synechococcus sp. PCC 7002 and green
alga Chlamydomonas reinhardtii drive an O,-dependent alternative electron
flow and non-photochemical quenching of chlorophyll fluorescence during
CO,-limited photosynthesis. Photosynth. Res. 130, 293-305. doi: 10.1007/s11
120-016-0253-y

Shimakawa, G., Shaku, K., and Miyake, C. (2016b). Oxidation of P700 in
photosystem I is essential for the growth of cyanobacteria. Plant Physiol. 172,
1443-1450. doi: 10.1104/pp.16.01227

Shimakawa, G., Hasunuma, T., Kondo, A., Matsuda, M., Makino, A., and
Miyake, C. (2014). Respiration accumulates Calvin cycle intermediates for the
rapid start of photosynthesis in Synechocystis sp. PCC 6803. Biosci. Biotechnol.
Biochem. 78, 1997-2007. doi: 10.1080/09168451.2014.943648

Shimakawa, G., Ishizaki, K., Tsukamoto, S., Tanaka, M., Sejima, T., and Miyake, C.
(2017a). The liverwort, Marchantia, drives alternative electron flow using a
flavodiiron protein to protect PSI. Plant Physiol. 173, 1636-1647. doi: 10.1104/
pp.16.01038

Shimakawa, G., Matsuda, Y., Nakajima, K., Tamoi, M., Shigeoka, S., and Miyake, C.
(2017b). Diverse strategies of O, usage for preventing photo-oxidative damage
under CO; limitation during algal photosynthesis. Sci. Rep. 7:41022. doi: 10.
1038/srep41022

Shimakawa, G., and Miyake, C. (2018a). Changing frequency of fluctuating light
reveals the molecular mechanism for P700 oxidation in plant leaves. Plant
Direct 2:e00073. doi: 10.1002/pld3.73

Shimakawa, G., and Miyake, C. (2018b). Respiratory terminal oxidases alleviate
photo-oxidative damage in photosystem I during repetitive short-pulse
illumination in Synechocystis sp. PCC 6803. Photosynth. Res. 137, 241-250.
doi: 10.1007/s11120-018-0495-y

Shimakawa, G., Murakami, A., Niwa, K., Matsuda, Y., Wada, A., and Miyake, C.
(2018a). Comparative analysis of strategies to prepare electron sinks in
aquatic photoautotrophs. Photosynth. Res. doi: 10.1007/s11120-018-0522-z
[Epub ahead of print].

Shimakawa, G., Shaku, K., and Miyake, C. (2018b). Reduction-induced suppression
of electron flow (RISE) is relieved by non-ATP-consuming electron flow in
Synechococcus elongatus PCC 7942. Front. Microbiol. 9:886. doi: 10.3389/fmicb.
2018.00886

Shimakawa, G., Shaku, K., Nishi, A., Hayashi, R., Yamamoto, H., Sakamoto, K.,
et al. (2015). FLAVODIIRON2 and FLAVODIIRON4 proteins mediate an
oxygen-dependent alternative electron flow in Synechocystis sp. PCC 6803
under CO,-limited conditions. Plant Physiol. 167, 472-480. doi: 10.1104/pp.
114.249987

Shirao, M., Kuroki, S., Kaneko, K. Kinjo, Y., Tsuyama, M., Forster, B,
et al. (2013). Gymnosperms have increased capacity for electron leakage
to oxygen (Mehler and PTOX reactions) in photosynthesis compared
with angiosperms. Plant Cell Physiol. 54, 1152-1163. doi: 10.1093/pcp/p
ct066

Sonoike, K. (1996). Degradation of psaB gene product, the reaction center subunit
of photosystem I, is caused during photoinhibition of photosystem I: possible
involvement of active oxygen species. Plant Sci. 115, 157-164. doi: 10.1016/
0168-9452(96)04341-5

Sonoike, K. (2011). Photoinhibition of photosystem 1. Physiol. Plant. 142, 56-64.
doi: 10.1111/§.1399-3054.2010.01437.x

Sonoike, K., Kamo, M., Hihara, Y., Hiyama, T., and Enami, I. (1997). The
mechanism of the degradation of PSAB gene product, one of the photosynthetic
reaction center subunits of Photosystem I, upon photoinhibition. Photosynth.
Res. 53, 55-63. doi: 10.1023/a:1005852330671

Stiehl, H. H., and Witt, H. T. (1969). Quantitative treatment of the function of
plastoquinone in photosynthesis. Z. Naturforsch. B 24, 1588-1598. doi: 10.1515/
znb-1969-1219

Subramanyam, R., David, J., Alain, G., Marc, B., and Robert, C. (2005). Protective
effect of active oxygen scavengers on protein degradation and photochemical

function in photosystem I submembrane fractions during light stress. FEBS J.
272, 892-902. doi: 10.1111/j.1742-4658.2004.04512.x

Sundby, C., Chow, W. S., and Anderson, J. M. (1993). Effects on photosystem II
function, photoinhibition, and plant performance of the spontaneous mutation
of serine-264 in the photosystem II reaction center D1 protein in triazine-
resistant Brassica napus L. Plant Physiol. 103, 105-113. doi: 10.1104/pp.103.
1.105

Takagi, D., Amako, K., Hashiguchi, M., Fukaki, H., Ishizaki, K., Goh, T., et al.
(2017a). Chloroplastic ATP synthase builds up a proton motive force preventing
production of reactive oxygen species in photosystem I. Plant J. 91, 306-324.
doi: 10.1111/tpj. 13566

Takagi, D., Ishizaki, K., Hanawa, H., Mabuchi, T., Shimakawa, G., Yamamoto, H.,
et al. (2017b). Diversity of strategies for escaping reactive oxygen species
production within photosystem I among land plants: P700 oxidation system
is prerequisite for alleviating photoinhibition in photosystem 1. Physiol. Plant.
161, 56-74. doi: 10.1111/ppl.12562

Takagi, D., Hashiguchi, M., Sejima, T., Makino, A., and Miyake, C. (2016a).
Photorespiration provides the chance of cyclic electron flow to operate for
the redox-regulation of P700 in photosynthetic electron transport system of
sunflower leaves. Photosynth. Res. 129, 279-290. doi: 10.1007/s11120-016-
0267-5

Takagi, D., Takumi, S., Hashiguchi, M., Sejima, T., and Miyake, C. (2016b).
Superoxide and singlet oxygen produced within the thylakoid membranes both
cause photosystem I photoinhibition. Plant Physiol. 171, 1626-1634. doi: 10.
1104/pp.16.00246

Takagi, D., and Miyake, C. (2018). PROTON GRADIENT REGULATION 5
supports linear electron flow to oxidize photosystem I. Physiol. Plant. 164,
337-348. doi: 10.1111/ppl.12723

Takahashi, M., and Asada, K. (1988). Superoxide production in aprotic interior
of chloroplast thylakoids. Arch. Biochem. Biophys. 267, 714-722. doi: 10.1016/
0003-9861(88)90080-X

Takahashi, S., Bauwe, H., and Badger, M. (2007). Impairment of the
photorespiratory pathway accelerates photoinhibition of photosystem II by
suppression of repair but not acceleration of damage processes in Arabidopsis.
Plant Physiol. 144, 487-494. doi: 10.1104/pp.107.097253

Takizawa, K., Kanazawa, A., and Kramer, D. M. (2008). Depletion of stromal Pi
induces high ‘energy-dependent’ antenna exciton quenching (qE) by decreasing
proton conductivity at CFo-CF1 ATP synthase. Plant Cell Environ. 31, 235-243.
doi: 10.1111/j.1365-3040.2007.01753.x

Tcherkez, G. (2016). The mechanism of Rubisco-catalysed oxygenation. Plant Cell
Environ. 39, 983-997. doi: 10.1111/pce.12629

Terashima, I., Funayama, S., and Sonoike, K. (1994). The site of photoinhibition
in leaves of Cucumis sativus L. at low temperatures is photosystem
I, not photosystem II. Planta 193, 300-306. doi: 10.1007/bf001
92544

Terashima, I., Noguchi, K., Itoh-Nemoto, T., Park, Y.-M., Kuhn, A., and Tanaka,
K. (1998). The cause of PSI photoinhibition at low temperatures in leaves of
Cucumis sativus, a chilling-sensitive plant. Physiol. Plant. 103, 295-303. doi:
10.1034/j.1399-3054.1998.1030301.x

Tjus, S. E., Moller, B. L., and Scheller, H. V. (1999). Photoinhibition of Photosystem
I damages both reaction centre proteins PSI-A and PSI-B and acceptor-side
located small Photosystem I polypeptides. Photosynth. Res. 60, 75-86. doi: 10.
1023/a:1006283618695

Trissl, H.-W. (1997). Determination of the quenching efficiency of the
oxidized primary donor of Photosystem I, P700": implications for the
trapping mechanism. Photosynth. Res. 54, 237-240. doi: 10.1023/a:10059810
16835

Trubitsin, B. V., Mamedov, M. D., Vitukhnovskaya, L. A., Semenov, A. Y,
and Tikhonov, A. N. (2003). EPR study of light-induced regulation of
photosynthetic electron transport in Synechocystis sp. strain PCC 6803. FEBS
Lett. 544, 15-20. doi: 10.1016/S0014-5793(03)00429-0

Tyystjarvi, E. (2008). Photoinhibition of Photosystem II and photodamage of the
oxygen evolving manganese cluster. Coord. Chem. Rev. 252, 361-376. doi: 10.
1016/j.ccr.2007.08.021

Ueno, Y., Shimakawa, G., Miyake, C., and Akimoto, S. (2018). Light-
harvesting strategy during CO,-dependent photosynthesis in the green alga
Chlamydomonas reinhardtii. J. Phys. Chem. Lett. 9, 1028-1033. doi: 10.1021/
acs.jpclett.7b03404

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1617


https://doi.org/10.1093/pcp/pcv198
https://doi.org/10.1073/pnas.95.16.9705
https://doi.org/10.1073/pnas.95.16.9705
https://doi.org/10.1007/s11120-016-0253-y
https://doi.org/10.1007/s11120-016-0253-y
https://doi.org/10.1104/pp.16.01227
https://doi.org/10.1080/09168451.2014.943648
https://doi.org/10.1104/pp.16.01038
https://doi.org/10.1104/pp.16.01038
https://doi.org/10.1038/srep41022
https://doi.org/10.1038/srep41022
https://doi.org/10.1002/pld3.73
https://doi.org/10.1007/s11120-018-0495-y
https://doi.org/10.1007/s11120-018-0522-z
https://doi.org/10.3389/fmicb.2018.00886
https://doi.org/10.3389/fmicb.2018.00886
https://doi.org/10.1104/pp.114.249987
https://doi.org/10.1104/pp.114.249987
https://doi.org/10.1093/pcp/pct066
https://doi.org/10.1093/pcp/pct066
https://doi.org/10.1016/0168-9452(96)04341-5
https://doi.org/10.1016/0168-9452(96)04341-5
https://doi.org/10.1111/j.1399-3054.2010.01437.x
https://doi.org/10.1023/a:1005852330671
https://doi.org/10.1515/znb-1969-1219
https://doi.org/10.1515/znb-1969-1219
https://doi.org/10.1111/j.1742-4658.2004.04512.x
https://doi.org/10.1104/pp.103.1.105
https://doi.org/10.1104/pp.103.1.105
https://doi.org/10.1111/tpj.13566
https://doi.org/10.1111/ppl.12562
https://doi.org/10.1007/s11120-016-0267-5
https://doi.org/10.1007/s11120-016-0267-5
https://doi.org/10.1104/pp.16.00246
https://doi.org/10.1104/pp.16.00246
https://doi.org/10.1111/ppl.12723
https://doi.org/10.1016/0003-9861(88)90080-X
https://doi.org/10.1016/0003-9861(88)90080-X
https://doi.org/10.1104/pp.107.097253
https://doi.org/10.1111/j.1365-3040.2007.01753.x
https://doi.org/10.1111/pce.12629
doi: 10.1007/bf00192544
doi: 10.1007/bf00192544
https://doi.org/10.1034/j.1399-3054.1998.1030301.x
https://doi.org/10.1034/j.1399-3054.1998.1030301.x
https://doi.org/10.1023/a:1006283618695
https://doi.org/10.1023/a:1006283618695
doi: 10.1023/a:1005981016835
doi: 10.1023/a:1005981016835
https://doi.org/10.1016/S0014-5793(03)00429-0
https://doi.org/10.1016/j.ccr.2007.08.021
https://doi.org/10.1016/j.ccr.2007.08.021
https://doi.org/10.1021/acs.jpclett.7b03404
https://doi.org/10.1021/acs.jpclett.7b03404
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Shimakawa and Miyake

Suppression of Photo-Oxidative Damage in Photoautotrophs

Van Breusegem, F., Vranova, E., Dat, J. F., and Inzé, D. (2001). The role of
active oxygen species in plant signal transduction. Plant Sci. 161, 405-414.
doi: 10.1016/S0168-9452(01)00452-6

Vicente, J. B., Gomes, C. M., Wasserfallen, A., and Teixeira, M. (2002). Module
fusion in an A-type flavoprotein from the cyanobacterium Synechocystis
condenses a multiple-component pathway in a single polypeptide chain.
Biochem. Biophys. Res. Commun. 294, 82-87. doi: 10.1016/S0006-291X(02)
00434-5

Wada, S., Suzuki, Y., Takagi, D., Miyake, C., and Makino, A. (2018). Effects of
genetic manipulation of the activity of photorespiration on the redox state
of photosystem I and its robustness against excess light stress under CO,-
limited conditions in rice. Photosynth. Res. doi: 10.1007/s11120-018-0515-y
[Epub ahead of print].

Wardman, P. (1990). Bioreductive activation of quinones: redox properties
and thiol reactivity. Free Radical Res. Commun. 8, 219-229. doi: 10.3109/
10715769009053355

Weger, H. G., Herzig, R., Falkowski, P. G., and Turpin, D. H. (1989). Respiratory
losses in the light in a marine diatom: measurements by short-term mass
spectrometry. Limnol. Oceanogr. 34, 1153-1161. doi: 10.4319/10.1989.34.7.1153

Wiese, C., Shi, L., and Heber, U. (1998). Oxygen reduction in the Mehler reaction is
insufficient to protect photosystems I and II of leaves against photoinactivation.
Physiol. Plant. 102, 437-446. doi: 10.1034/j.1399-3054.1998.1020312.x

Yamamoto, H., Takahashi, S., Badger, M. R., and Shikanai, T. (2016). Artificial
remodelling of alternative electron flow by flavodiiron proteins in Arabidopsis.
Nat. Plants 2:16012. doi: 10.1038/nplants.2016.12

Yamori, W., Makino, A., and Shikanai, T. (2016). A physiological role of cyclic
electron transport around photosystem I in sustaining photosynthesis under
fluctuating light in rice. Sci. Rep. 6:20147. doi: 10.1038/srep20147

Yamori, W., and Shikanai, T. (2016). Physiological functions of cyclic electron
transport around photosystem I in sustaining photosynthesis and plant
growth. Annu. Rev. Plant Biol. 67, 81-106. doi: 10.1146/annurev-arplant-0430
15-112002

Yokono, M., and Akimoto, S. (2018). Energy transfer and distribution in
photosystem super/megacomplexes of plants. Curr. Opin. Biotechnol. 54, 50-56.
doi: 10.1016/j.copbio.2018.01.001

Yokota, A., and Kitaoka, S. (1987). Rates of glycolate synthesis and
metabolism  during photosynthesis of Euglena and microalgae
grown on low CO,. Planta 170, 181-189. doi: 10.1007/bf0039
7886

Youngman, R. J., and Elstner, E. F. (1981). Oxygen species in paraquat toxicity:
the crypto-OH radical. FEBS Lett. 129, 265-268. doi: 10.1016/0014-5793(81)80
180-9

Yu, Q., Feilke, K., Krieger-Liszkay, A., and Beyer, P. (2014). Functional and
molecular characterization of plastid terminal oxidase from rice (Oryza sativa).
Biochim. Biophys. Acta Bioenerg. 1837, 1284-1292. doi: 10.1016/j.bbabio.2014.
04.007

Zivcak, M., Brestic, M., Kunderlikova, K., Olsovska, K., and Allakhverdiev, S. I.
(2015a). Effect of photosystem I inactivation on chlorophyll a fluorescence
induction in wheat leaves: does activity of photosystem I play any role in OJIP
rise? J. Photochem. Photobiol. B 152, 318-324. doi: 10.1016/j.jphotobiol.2015.
08.024

Zivcak, M., Brestic, M., Kunderlikova, K. Sytar, O., and Allakhverdiev,
S. L (2015b). Repetitive light pulse-induced photoinhibition of
photosystem I severely affects CO, assimilation and photoprotection in
wheat leaves. Photosynth. Res. 126, 449-463. doi: 10.1007/s11120-015-
0121-1

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

The reviewer YS declared a past co-authorship with the authors GS and CM to the
handling Editor.

Copyright © 2018 Shimakawa and Miyake. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

15

November 2018 | Volume 9 | Article 1617


https://doi.org/10.1016/S0168-9452(01)00452-6
https://doi.org/10.1016/S0006-291X(02)00434-5
https://doi.org/10.1016/S0006-291X(02)00434-5
https://doi.org/10.1007/s11120-018-0515-y
https://doi.org/10.3109/10715769009053355
https://doi.org/10.3109/10715769009053355
https://doi.org/10.4319/lo.1989.34.7.1153
https://doi.org/10.1034/j.1399-3054.1998.1020312.x
https://doi.org/10.1038/nplants.2016.12
https://doi.org/10.1038/srep20147
https://doi.org/10.1146/annurev-arplant-043015-112002
https://doi.org/10.1146/annurev-arplant-043015-112002
https://doi.org/10.1016/j.copbio.2018.01.001
https://doi.org/10.1007/bf00397886
https://doi.org/10.1007/bf00397886
https://doi.org/10.1016/0014-5793(81)80180-9
https://doi.org/10.1016/0014-5793(81)80180-9
https://doi.org/10.1016/j.bbabio.2014.04.007
https://doi.org/10.1016/j.bbabio.2014.04.007
https://doi.org/10.1016/j.jphotobiol.2015.08.024
https://doi.org/10.1016/j.jphotobiol.2015.08.024
doi: 10.1007/s11120-015-0121-1
doi: 10.1007/s11120-015-0121-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Oxidation of P700 Ensures Robust Photosynthesis
	Introduction
	P700 Oxidation and Its Physiological Significance
	Regulatory Mechanisms to Keep P700 in an Oxidized State, "P700 Oxidation System"
	Limiting Electron Transport in Cyt b6/f
	Thylakoid Terminal Oxidases
	Photorespiration
	Flavodiiron Protein (FLV)
	Proton Gradient Regulation 5 (PGR5)
	Chloroplast NADPH Dehydrogenase (NDH)

	Rethinking the Mechanism of Psi Photoinhibition and the Dynamics of Ros in Psi
	Concluding Remarks
	Author Contributions
	Funding
	References


