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Abstract
While subject to illumination, photosystem I (PSI) has the potential to produce reactive oxygen species (ROS) that can cause 
photo-oxidative damage in oxygenic photoautotrophs. The reaction center chlorophyll in PSI (P700) is kept oxidized in excess 
light conditions to limit over-excitation of PSI and alleviate the production of ROS. Oxidation of P700 requires a sufficient 
electron sink for PSI, which is responsible for flavodiiron proteins (FLV) safely dissipating electrons to  O2 in cyanobacteria, 
green algae, and land plants except for angiosperms during short-pulse light (SP) illumination under which photosynthesis 
and photorespiration do not occur. This fact implies that  O2 usage is essential for P700 oxidation but also raises the question 
why angiosperms lost FLV. Here, we first found that aquatic photoautotrophs in red plastid lineage, in which no gene for 
FLV has been found, could keep P700 oxidized during SP illumination alleviating the photo-oxidative damage in PSI even 
without  O2 usage. We comprehensively assessed P700 oxidation during SP illumination in the presence and absence of  O2 
in cyanobacteria (Cyanophyta), green algae (Chlorophyta), angiosperms (Streptophyta), red algae (Rhodophyta), and sec-
ondary algae (Cryptophyta, Haptophyta, and Heterokontophyta). A variety of dependencies of P700 oxidation on  O2 among 
these photoautotrophs clearly suggest that  O2 usage and FLV are not universally required to oxidize P700 for protecting PSI 
against ROS damage. Our results expand the understanding of the diverse strategies taken by oxygenic photoautotrophs to 
oxidize P700 and mitigate the risks of ROS.

Keywords Reactive oxygen species · P700 oxidation · Photosystem I · Seaweeds

Introduction

Oxygenic photoautotrophs, including plants and algae, gen-
erally develop the same photosynthetic electron transport 
system composed of photosystems (PS) I and II. These 

photosystems drive the photo-oxidation/reduction cycles of 
their reaction center chlorophyll (P700 and P680, respec-
tively) to build NADPH and ATP for the production of sug-
ars from  CO2, with  H2O as the electron donor. The photo-
synthetic linear electron flow is performed on the thylakoid 
membrane from PSII to PSI by the plastoquinone (PQ), 
cytochrome (Cyt) b6/f, and plastocyanin (or Cyt c6), finally 
reducing  NADP+ to NADPH on the electron acceptor side of Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s1112 0-018-0522-z) contains 
supplementary material, which is available to authorized users.
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PSI. In this process, thylakoid lumen acidification is accom-
panied with the oxidation of  H2O at PSII and the Q-cycle in 
Cyt b6/f, which functions as the proton motive force of chlo-
roplast ATP synthase. Both NADPH and ATP produced in 
the photosynthetic electron transport are required afterwards 
for photosynthetic  CO2 assimilation in the Calvin–Benson 
cycle.

Photo-excitation of the reaction center chlorophyll in PSI 
(P700) is tuned with the oxidized form of P700  (P700+) for 
the safe utilization of NADPH in the Calvin–Benson cycle. 
This happens because the excess photo-excitation energy 
has the potential to generate reactive oxygen species (ROS) 
in PSI (Sejima et al. 2014; Shimakawa et al. 2016a). The 
redox state of P700 is modulated by a variety of molecular 
mechanisms (i.e., P700 oxidation systems) on the PSI donor- 
and acceptor-sides. On the donor side, photosynthetic lin-
ear electron flow is limited during the oxidation of reduced 
PQ in Cyt b6/f, if enough electron acceptors are supplied to 
PSI (Stiehl and Witt 1969; Anderson 1992). Additionally, 
in response to the limitation of electron acceptors to PSI, 
the electron transport in Cyt b6/f is modulated by the pro-
ton gradient across the thylakoid membrane, i.e., the lumen 
acidification suppresses the electron transport from PSII 
into PSI (Nishio and Whitmarsh 1993; Rott et al. 2011). 
Furthermore, the reduction of the PQ pool may also slow 
down the Q-cycle and suppress the electron transport in Cyt 
b6/f (Shaku et al. 2016). These regulatory mechanisms can 
contribute to P700 oxidation in response to environmental 
variations, with a sufficient electron sink on the acceptor 
side of PSI. At the steady state of photosynthesis, the  CO2 
assimilation in the Calvin–Benson cycle constitute the most 
electron sink in the photosynthesis. Additionally, photorespi-
ration consumes the excess photo-excitation energy by using 
 O2 and releasing both  CO2 and ribulose 1,5-bisphosphate 
at the steady state of photosynthesis in land plants, includ-
ing liverworts, ferns, gymnosperms, and angiosperms, but 
excluding  C4 plants (Hanawa et al. 2017). Further, alterna-
tive electron flow (AEF) is defined as the molecular mecha-
nism responsible for dissipating excess electrons uncoupled 
with photosynthesis. In most cases, AEF is mediated with  O2 
as the final electron acceptor by flavodiiron proteins (FLV), 
cyanobacterial and plastidial terminal oxidases, and the 
water–water cycle (Miyake and Asada 1992; Miyake et al. 
1998; Helman et al. 2003; Shimakawa et al. 2015; Curien 
et al. 2016; Ermakova et al. 2016). Hence, photorespiration 
is an AEF in a wide sense. However,  O2-insensitive AEF 
has also been reported. Cyclic electron flow is one of the 
commonest AEF, and it works by donating electrons from 
ferredoxin at the acceptor side of PSI to the PQ pool (Heber 
and Walker 1992). In addition,  H+ and  NO3

− can function 
as electron acceptors in the AEF mediated by hydrogenase 
and nitrate reductase, respectively (Appel et al. 2000; Flo-
res et al. 2005). Thus, these AEF mechanisms can fulfil the 

prerequisites of P700 oxidation even when photosynthesis 
and photorespiration do not occur.

Diverse molecular mechanisms of AEF in oxygenic 
photoautotrophs are responsible for different strategies to 
oxidize P700. Thus, a reliable method to evaluate P700 
oxidation is of prime importance. Previously, Sejima et al. 
(2014) established a method using the short-pulse light (SP) 
to investigate the impact of P700 oxidation on the protection 
of PSI against ROS damage. They found that saturated SP 
(e.g., 2000–20,000 µmol photons  m−2 s−1, 0.3–1 s) being 
illuminated onto plant leaves instantaneously filled the pho-
tosynthetic electron transport with electrons. Therefore, 
P700 was not oxidized during the SP illumination, unless 
an AEF uncoupled with photosynthesis rapidly started to 
function. Moreover, photo-oxidative damage in PSI was 
also observed after repetitive SP (rSP) illumination (Sejima 
et al. 2014; Zivcak et al. 2015a). Recently, this method has 
been broadly applied to a variety of land plants (e.g., liver-
worts, ferns, gymnosperms, and angiosperms), indicating 
that land plants except for angiosperms rapidly induce P700 
oxidation during the SP illumination in the presence, but 
not absence, of  O2 (Takagi et al. 2017). The genes encoding 
FLV are conserved in liverworts, mosses, ferns, and gym-
nosperms (Zhang et al. 2009; Allahverdiyeva et al. 2015; 
Yamamoto et al. 2016). Additionally, the mutants of the liv-
erwort Marchantia polymorpha and the moss Physcomitrella 
patens, which are deficient in FLV, showed the inability to 
oxidize P700 (Gerotto et al. 2016; Shimakawa et al. 2017a). 
These data suggest that  O2-dependent AEF mediated by FLV 
is a prerequisite for P700 oxidation during the SP illumina-
tion in land plants. However, it is still poorly understood 
why FLV was lost at the genetic level in the evolution to 
angiosperms.

To expand the understanding of the diverse P700 oxida-
tion systems in oxygenic photoautotrophs, we first investi-
gated the redox state of P700 during the SP illumination in 
aquatic photoautotrophs categorized into red plastid line-
age and compared it with that of green plastid lineage. It 
is widely considered that the genes for FLV had not been 
inherited from cyanobacteria to red algae (Allahverdiyeva 
et al. 2015). Nevertheless, we found that most of the photo-
autotrophs in red plastid lineage could keep P700 oxidized 
during the SP illumination as well as cyanobacteria and 
green algae. Finally, we found that most of algae, different 
from angiosperms, can oxidize P700 during the SP illumi-
nation, which are classified into  O2-dependent and -insensi-
tive aquatic photoautotrophs. From the results of our study, 
we rethink the reason for why angiosperms lost FLV in the 
evolutionary process.
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Materials and methods

Cyanobacteria, algae, and plants

Cyanobacteria and unicellular algae were cultured in a 
baffled shake flask on a rotary shaker (100 rpm) in ambi-
ent air, and under a light (23 °C, 14 h, 100 µmol pho-
tons  m−2 s−1, white fluorescent lamp) and dark condition 
(21 °C, 10 h). We used BG-11 medium (Allen 1968) for 
Synechococcus elongatus PCC 7942, Porphyridium aerug-
ineum (NIES-1959), and Vischeria punctata (NIES-2147); 
high-salt medium (Sueoka 1960) for Chlamydomonas 
reinhardtii (137c); ASN-III medium (Rippka et al. 1981) 
for Porphyridium purpureum (NIES-2138), Chroomonas 
placoidea (NIES-705), Nannochloropsis oceanica (NIES-
2145) and Isochrysis galbana; and artificial seawater 
medium with 0.31% half-strength Guillard’s ‘F’ solution 
(Guillard and Ryther 1962; Guillard 1975) for Phaeodac-
tylum tricornutum (UTEX642).

Plants and seaweeds were obtained from Rokko (Ipo-
moea nil, Nymphaea tetragona, and Magnolia kobus) and 
Awaji Islands (Ulva pertusa, Codium fragile, Zostera 
marina, Pyropia yezoensis, Chondrus ocellatus, Chondrus 
giganteus, Callophyllis japonica, Ecklonia cava, Dictyota 
dichotoma, Sargassum horneri, and Undaria pinnatifida) 
in Hyogo, Japan.

Measurement of P700

Samples of plants and algae acclimatized for 3–4 h to 
dark were used for the measurements. The  P700+ trans-
mittance was measured using a Dual-PAM-100 (Walz 
Heinz GmbH, Effeltrich, Germany) at room temperature 
(25 ± 2 °C) (Klughammer and Schreiber 1994; Schreiber 
and Klughammer 2008). Reaction cuvettes for gas (3010 
DUAL, Walz, Effeltrich, Germany; 1.3 cm−2; for I. nil, M. 
kobus, and N. tetragona) and liquid phases (ED-101US/
MD, Walz, Effeltrich, Germany; 1–2 mL; for the other spe-
cies) were used. For the liquid phase measurements, plants 
and algae were washed and measured in a fresh media or 
natural seawater. Unicellular algae (or cyanobacteria) in 
cuvettes (20 µg chlorophyll a  mL−1) (Grimme and Board-
man 1972; Jeffrey and Humphrey 1975; Shimakawa et al. 
2017b) were stirred with a magnetic microstirrer, which 
was temporarily stopped 5 s before the SP illumination. 
Total oxidizable P700 (i.e., maximum oxidation level of 
P700) was determined according to the standard method 
of Schreiber and Klughammer (2008). For the illumina-
tion treatment, SPs (2000 or 20,000 µmol photons  m−2 s−1 
for 1 s using LED with peak emissions at 635 nm) were 
repeatedly applied every 10 s to the plants and algae. The 

 P700+ kinetics during SP illumination was analyzed 1 min 
after rSP illumination started. For the calculation of P700 
oxidation index, the integration of  P700+ during the 1s-SP 
illumination was estimated from the sum of relative  P700+ 
values every 0.3 ms from Fig. 1, which was then divided 
by the maximum integrated area (i.e., 1 × 1 s). Finally, the 
value was shown as the percentage.

Removal of  O2

Eliminating  O2 was carefully performed according to the 
experimental situations. For the measurement of the  P700+ 
kinetics in a liquid phase, an anaerobic condition was pre-
pared by glucose (5 mM), catalase (500 units mL−1, Wako, 
from bovine liver), and glucose oxidase (10 units mL−1, 
Wako, from Aspergillus niger). In the presence of these 
agents, the  O2 concentration in the reaction culture rapidly 
decreases to the anaerobic level within 10 min (Shimakawa 
et al. 2016a, b). On the other hand, for the gas phase meas-
urement we removed  O2 by flushing pure  N2 gas to the reac-
tion chamber. In this study, we confirmed the similar effects 
of eliminating  O2 on the  P700+ kinetics 5, 10, and 15 min 
after a start of these procedures in advance for all measure-
ments, and finally obtained the kinetics after the 10 min-
procedures. Only in the experiment of Supplemental Fig. 
S1, we applied the  N2 bubbling to the reaction culture to 
remove  O2 also in a liquid phase treatment. After repetitive 
illumination with SP for 30 min, the reaction culture was 
bubbled with ambient air for 10 min, and total oxidizable 
P700 was evaluated again.

Results

Oxidation of P700 in PSI during short‑pulse light 
illumination in aquatic photoautotrophs

To assess the physiological significances and molecular 
mechanisms of P700 oxidation, we measured the redox state 
of P700 in PSI during SP illumination (2000 µmol photons 
 m−2 s−1, 1 s) in a variety of aquatic photoautotrophs, includ-
ing cyanobacteria (Cyanophyta), green algae (Chlorophyta), 
angiosperms (Streptophyta), red algae (Rhodophyta), and 
secondary algae (Cryptophyta, Haptophyta, and Heterokon-
tophyta). Cyanobacteria possess FLV and can rapidly induce 
P700 oxidation in response to an illumination treatment 
(Helman et al. 2003; Allahverdiyeva et al. 2013). In this 
study, we confirmed that the cyanobacterium Synechococcus 
elongatus PCC 7942 kept P700 oxidized during the SP illu-
mination (Fig. 1a), which is consistent with previous results 
on Synechocystis sp. PCC 6803 (Shimakawa and Miyake 
2018). In cyanobacterial cells, where photosynthetic and 
respiratory electron transport systems share the redox state 
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of the PQ pool and Cyt b6/f, respiratory terminal oxidases 
(i.e., aa3-type Cyt c oxidase and Cyt bd quinol oxidase) also 
have an effect on P700 oxidation during a SP illumination 

(Shimakawa and Miyake 2018). Overall,  O2 is essential for 
P700 oxidation during a SP illumination similar to the  P700+ 
kinetics in the absence of  O2 (Fig. 1a).
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Next, we investigated the  P700+ kinetics during a SP illu-
mination in green algae (Fig. 1b–d). The seaweeds Ulva per-
tusa and Codium fragile showed a rapid induction of P700 
oxidation during the SP illumination, similar to the cyano-
bacterium S. elongatus PCC 7942. Removing  O2 inhibited 
the oxidation of P700 in both macrophytic green algae 
(Fig. 1c, d). It has been reported that the unicellular green 
alga Chlamydomonas reinhardtii presents FLV-mediated 
AEF with  O2 to oxidize P700 (Chaux et al. 2017), which 
was supported by our results of the  P700+ kinetics during the 
SP illumination (Fig. 1b). From these data, both U. pertusa 
and C. fragile seem to utilize FLV for P700 oxidation during 
SP illumination, similar to that by C. reinhardtii.

Responses of the redox state of P700 in PSI to the illu-
mination with SP were also measured in angiosperm leaves 
(Fig. 1e–h). The aquatic angiosperm Zostera marina (sea-
grass), similar to a number of angiosperm species previously 
investigated (Sejima et al. 2014; Zivcak et al. 2015a, b; Tak-
agi et al. 2017), did not show P700 oxidation during the SP 
illumination independently of  O2 presence (Fig. 1h). Further, 
we confirmed the inability to induce P700 oxidation during 
SP illumination in the well-known angiosperm Ipomoea nil 
(Fig. 1e) and also in the primitive Nymphaea tetragona and 
Magnolia kobus (Fig. 1f, g). These data indicate that angio-
sperms did not develop a P700 oxidation system using FLV, 
in any of their habitats.

Red algae are considered to be photosynthetic eukaryotes 
that originated from an endosymbiont of cyanobacteria with 
a heterotroph host, but which evolved differently (the so-
called red plastid lineage) then the green algae (the green 
plastid lineage) (Falkowski et al. 2004). In contrast to green 
algae, genes encoding FLV have never been found in the 
genomes of red algae (Allahverdiyeva et al. 2015). Hence, 
red algae are expected to be unable to keep P700 oxidized 

during SP illumination, similar to that in the angiosperms. 
Indeed, we obtained  P700+ kinetics during SP illumina-
tion in accord with the expectation for the macrophytic red 
alga Pyropia yezoensis (Fig. 1i). In contrast, the unicellu-
lar red algae Porphyridium aerugineum and Porphyridium 
purpureum showed P700 oxidation during the SP illumi-
nation. Surprisingly, P700 was kept oxidized in those two 
Porphyridium species during SP application even when 
 O2 was absent (Fig. 1j, k). Additionally, the macrophytic 
red algae Chondrus ocellatus, Chondrus giganteus, Callo-
phyllis japonica, and Grateloupia lanceolata also showed 
 O2-insensitive P700 oxidation during SP illumination 
(Fig. 1l–o). Overall, these red algae developed a different 
strategy to oxidize P700 for alleviating the risks of ROS pro-
duction in PSI, as compared to cyanobacteria, green algae, 
and land plants.

We evaluated the  P700+ kinetics during SP illumina-
tion in unicellular secondary algae that have red plastids. 
The cryptomonad (Cryptophyta) Chroomonas placoidea 
kept a large part of P700 oxidized during SP illumination 
regardless of  O2 presence (Fig. 1p), similar to that in the 
secondary alga (Haptophyta) Isochrysis galbana (Fig. 1q). 
These results suggest that the molecular mechanism for the 
 O2-insensitive P700 oxidation has been inherited by these 
secondary algae with red plastid. Additionally, we meas-
ured the redox state of P700 during SP illumination in the 
two eustigmatophytes (Heterokontophyta) Nannochloro-
psis oceanica and Vischeria punctata. These unicellular 
secondary algae showed oxidation of P700 during the SP 
illumination, but the relationships between P700 oxidation 
and  O2 presence in both species are strikingly different: N. 
oceanica could rapidly induce P700 oxidation even in the 
absence of  O2 (Fig. 1r), whereas V. punctata could not oxi-
dize P700 without  O2, similar to cyanobacteria and green 
algae (Fig. 1s). Thus, V. punctata strongly relied on  O2 to 
keep P700 oxidized, although the underlying molecular 
mechanism is still unclear. For the diatom (Heterokonto-
phyta) Phaeodactylum tricornutum, P700 was fully oxidized 
during SP illumination in both  O2 conditions (Fig. 1t). Previ-
ously, we quantitatively estimated the electron flux capacity 
through an  O2-dependent electron flow at the steady state 
of photosynthesis, and we found that P. tricornutum hardly 
utilized  O2 as an alternative electron sink (Shimakawa et al. 
2017b). These data suggest that P. tricornutum does not rely 
on  O2 to protect PSI against photo-oxidative damages.

Brown algae (Heterokontophyta) are macrophytic algae 
with red plastid. Here, we measured the  P700+ kinetics dur-
ing SP illumination in four brown algae species, namely 
Ecklonia cava, Dictyota dichotoma, Sargassum horneri, and 
Undaria pinnatifida. We found that P700 was kept oxidized 
during the SP illumination in all of them (Fig. 1u–x). Addi-
tionally, we observed strong relationships between P700 
oxidation and  O2 presence in these brown algae, except for 

Fig. 1  Kinetics of oxidized P700  (P700+) in the illumination with a 
short-pulse light (SP: 2000 µmol photons  m−2 s−1, 1 s) in the cyano-
bacterium Synechococcus elongatus PCC 7942 (a), in the green algae 
Chlamydomonas reinhardtii (b), Ulva pertusa (c), and Codium frag-
ile (d), in the angiosperms Ipomoea nil (e), Nymphaea tetragona 
(f), Magnolia kobus (g), and Zostera marina (h), in the red algae 
Pyropia yezoensis (i), Porphyridium aerugineum (j), Porphyridium 
purpureum (k), Chondrus ocellatus (l), Chondrus giganteus (m), Cal-
lophyllis japonica (n), and Grateloupia lanceolata (o), in the unicel-
lular secondary algae Chroomonas placoidea (p), Isochrysis galbana 
(q), Nannochloropsis oceanica (r), Vischeria punctata (s), and Phae-
odactylum tricornutum (t), and in the brown algae Ecklonia cava (u), 
Dictyota dichotoma (v), Sargassum horneri (w), and Undaria pinnat-
ifida (x). Different colors (blue, green, red, yellow, and brown) sepa-
rately show the cyanobacterium, green algae, angiosperms, red algae, 
unicellular secondary algae, and brown algae. SP was applied on each 
of all organisms in dark conditions in the presence (dark lines) and 
absence (light lines) of  O2. Relative  P700+ amount is normalized by 
the maximum oxidation level of P700 (i.e., total oxidizable P700) as 
1.0. Each bold line and its shaded edge respectively indicate the mean 
and standard deviation of three measurements

◂
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E. cava, which partially showed P700 oxidation during SP 
illumination. Therefore, brown algae utilized  O2 to oxidize 
P700, but this  O2 importance may vary depending on the 
species.

P700 oxidation index during the short‑pulse light 
illumination in the presence and absence of  O2 
in aquatic photoautotrophs

The amount of oxidized P700 during the SP illumination of 
1 s in the presence and absence of  O2 was calculated from 
Fig. 1. We defined P700 oxidation index as the ratio (%) of 
 P700+ to the total oxidizable P700 during the SP illumi-
nation. All angiosperms used in this study could not keep 
P700 oxidized during SP illumination, and the P700 oxida-
tion indices were overall low regardless of the  O2 presence 
(Fig. 2). Among algae, the red alga P. yezoensis was the only 
exception that could be categorized into the same group as 
angiosperms (Fig. 2). Cyanobacteria and green algae showed 
high P700 oxidation indices during the SP illumination 
only in the presence of  O2, probably due to FLV (Fig. 2). 
Conversely, except for P. yezoensis, red algae showed the 
highest P700 oxidation indices also in  O2 absence (Fig. 2). 
In the secondary algae with the chloroplasts derived from 
red algae, including unicellular and multicellular, P700 oxi-
dation indices in  O2 absence were observed across a wide 
range (Fig. 2). In this study, we defined two categories: 
 O2-dependent P700 oxidation group, which shows > 50% and 
< 20% of P700 oxidation indices respectively in the presence 
and absence of  O2; and  O2-insensitive P700 oxidation group, 

which shows > 50% of P700 oxidation indices regardless of 
the existence of  O2 (Fig. 2). Overall, the various algae used 
in this study can be classified into (1) the  O2-use, (2)  O2 non-
use for keeping P700 oxidized during SP illumination, (3) 
some intermediates (C. placoidea, I. galbana, and E. cava), 
and (4) angiosperm-like species (i.e., P. yezoensis).

Impacts of P700 oxidation on the protection of PSI 
against photo‑oxidative damages in aquatic 
photoautotrophs

Oxidation of P700 suppresses the production of ROS in 
PSI in cyanobacteria and land plants (Sejima et al. 2014; 
Shimakawa et al. 2016a, 2017a; Takagi et al. 2017). In this 
study, we verified the physiological significance of P700 
oxidation during the SP illumination in diverse aquatic pho-
toautotrophs. The plants and algae investigated were exposed 
to a strong SP (20,000 µmol photons m−2 s−1, 1 s) for 30 min 
between intervals of 10 s. After treatments with repetitive 
SP illumination (rSP illumination; Sejima et al. 2014), the 
amount of total oxidizable P700 was spectrophotometrically 
determined and compared with the initial values before treat-
ment application. The total oxidizable P700 is an indicator 
of the photochemical activity of PSI (Sejima et al. 2014; 
Zivcak et al. 2015a; Shimakawa et al. 2016a; Mosebach et al. 
2017; Shimakawa and Miyake 2018). Measuring P700 oxi-
dation is also useful for evaluating the photo-oxidative dam-
ages in PSI, and it has already been applied in plant leaves 
and cyanobacteria (Sejima et al. 2014; Zivcak et al. 2015a, 
b; Shimakawa et al. 2017a; Takagi et al. 2017; Shimakawa 
and Miyake 2018). We found that rSP illumination caused 
a decrease in total oxidizable P700 even when weaker SPs 
were used (e.g., 2000 µmol photons m−2 s−1; Sejima et al. 
2014). Contrastingly, all angiosperms and the red alga P. 
yezoensis showed 60–80% decrease in total oxidizable P700 
after rSP illumination, and the other algae kept more than 
60% of the total oxidizable P700 values intact (Fig. 3). We 
further applied rSP illumination to the studied oxygenic 
photoautotrophs in anaerobic conditions. Suppression of 
the decrease in total oxidizable P700 in  O2 absence sug-
gested that the inactivation of PSI during rSP illumination 
was caused by ROS (Supplemental Fig. S1). Overall, the 
consistency of the results on P700 oxidation during SP illu-
mination with the protection of PSI from photo-oxidative 
damages was strongly recognized in the aquatic photoauto-
trophs used in this study.

Discussion

In this study, we first investigated the redox state response 
of P700 to the SP illumination in a variety of aquatic photo-
autotrophs and land plants. Almost all algae that we studied 

Fig. 2  Relationship between the P700 oxidation indices in the pres-
ence and absence of  O2. The ratio of the oxidized form to total 
oxidizable P700 (P700 oxidation index, see Materials and Meth-
ods) was calculated during a short-pulse light illumination (SP: 
2000 µmol photons  m−2 s−1, 1 s). Dashed green and red boxes show 
 O2-dependent and -insensitive P700 oxidation groups. Note that, 
these results were calculated from the average data in Fig. 1
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here kept P700 oxidized during SP illumination (Fig. 1) and 
saved a large part of PSI photochemically active after expo-
sure to rSP illumination (Fig. 3), which differed from the 
angiosperms such as N. tetragona and Z. marina. Oxida-
tion of P700 required  O2, particularly in green and brown 
algae. However, most of red algae kept P700 oxidized during 
SP illumination even in  O2 absence (Figs. 1, 2). Overall, 
these algae commonly oxidized P700 with varying levels 
of  O2 dependence. The seaweeds we used in this study 
grow near intertidal or subtidal zone in rocky seashore, and 
are constantly exposed to dynamic light fluctuations rang-
ing from < 0.05 to approximately 10 Hz due to tides and 
waves (Greene and Gerard 1990; Wing and Patterson 1993). 
Therefore, these algae might have developed their molecular 
mechanisms for P700 oxidation in direct response to strong 
illumination changes in order to thrive in these habitats.

One hypothetical scenario for the evolution and diver-
sification of electron sinks for P700 oxidation is shown 
in Fig. 4. In this scenario, aquatic photoautotrophs in red 
plastid lineage have developed unique P700 oxidation sys-
tems on the electron acceptor side of the PSI, opposed to 
the oxygenic photoautotrophs in the green plastid lineage. 
The genes for FLV are broadly conserved in cyanobacteria, 
green algae, and basal land plants (i.e., liverworts, mosses, 

ferns, and gymnosperms), but considered to be lost at the 
origin of red algae, glaucophytes, or angiosperms (Allahver-
diyeva et al. 2015; Yamamoto et al. 2016). Indeed, studies 
using mutants reported that FLV functions as an electron 
sink with  O2 to oxidize P700 in cyanobacteria (Helman 
et al. 2003; Allahverdiyeva et al. 2013; Shimakawa et al. 
2016a), the green alga C. reinhardtii (Chaux et al. 2017), 
the liverwort M. polymorpha (Shimakawa et al. 2017a), 
and the moss P. patens (Gerotto et al. 2016). Recent stud-
ies have proposed that the physiological significance of 
FLV is conserved also in ferns and gymnosperms (Ilík et al. 
2017; Noridomi et al. 2017; Takagi et al. 2017). From these 
facts, the  O2-dependent P700 oxidation in U. pertusa and 
C. fragile is likely to be driven by FLV (Fig. 1c, d). Moreo-
ver, genes for FLV have not been found in the genomes of 
red algae (Allahverdiyeva et al. 2015), implying that red 
algae did not inherit FLV from cyanobacteria at an early 
symbiotic event. Hence, red algae and secondary algae 
with red plastid may show  O2-insensitive or  O2-dependent 
P700 oxidation strategies, which might have been driven 
by unique P700 oxidation mechanisms (Fig. 1i–x). Only 
in the red alga P. yezoensis, we failed to observe a P700 
oxidation during SP illumination (Fig. 1l). Pyropia yezoen-
sis (Bangiaceae) is classified into a different group when 

Fig. 3  Residual total oxidizable P700 after rSP illumination 
(20,000  µmol  photons  m−2  s−1, 1  s, every 10  s, for 30  min) in the 
cyanobacterium (Synechococcus elongatus PCC 7942), green algae 
(Chlamydomonas reinhardtii, Ulva pertusa, and Codium fragile), 
angiosperms (Ipomoea nil, Nymphaea tetragona, Magnolia kobus, 
and Zostera marina), red algae (Pyropia yezoensis, Porphyridium 
aerugineum, Porphyridium purpureum, Chondrus ocellatus, Chon-

drus giganteus, Callophyllis japonica, and Grateloupia lanceolata), 
unicellular secondary algae (Chroomonas placoidea, Isochrysis gal-
bana, Nannochloropsis oceanica, Vischeria punctata, and Phaeodac-
tylum tricornutum), and brown algae (Ecklonia cava, Dictyota dicho-
toma, Sargassum horneri, and Undaria pinnatifida). Bars represent 
mean ± SD (n = 3)
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compared to Porphyridium (Porphyridiophyceae), Chon-
drus, Callophyllis, and Grateloupia (Florideophyceae) in 
the red algal phylogeny (Freshwater et al. 1994), suggesting 
that the  O2-insensitive P700 oxidation system in the former 
species might have evolved during the diversification of 
red algae. In addition to FLV, photorespiration may also be 
considered an electron sink with  O2 on the acceptor side of 
PSI. Genes for the photorespiratory  C2 cycle are recognized 
in all oxygenic photoautotrophs, and they play a critical 
role on plants and algae growth (Kozaki and Takeba 1996; 
Eisenhut et al. 2008; Zelitch et al. 2009; Hagemann et al. 
2013; Rademacher et al. 2016). Nevertheless, the estimated 

electron sink capacity of photorespiration is expected to be 
smaller for cyanobacteria and eukaryotic algae (Bidwell 
and McLachlan 1985; Hayashi et al. 2014; Shimakawa et al. 
2016b, 2017b), compared to the oxygenic photoautotrophs, 
given that these experience more adequate  O2 conditions 
(Hanawa et al. 2017). Overall, all algae derived from red 
algae (red plastid lineage) are likely to utilize neither FLV 
nor photorespiration for P700 oxidation (Fig. 4).

In this study, we found for the first time that P700 was 
kept oxidized during SP illumination even in the absence of 
 O2 in some species of red algae and secondary algae with red 
plastid (Fig. 1). Our results suggest that these algae utilize an 

Fig. 4  Hypothetical illustrations of the evolutionary history of the 
 O2-usage strategy for P700 oxidation in oxygenic photoautotrophs. a 
The evolutionary paths of green and red plastid lineages, with three 
endosymbiosis events shown as blue lines. The estimated evolution 

with and without the endosymbiosis is indicated by solid and dashed 
arrows, respectively. b The change of electron-sink mechanisms in 
millions of years for PSI during the evolutionary history of oxygenic 
photoautotrophs
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 O2-insensitive AEF on the acceptor side of PSI as an appro-
priate electron sink, which is required for P700 oxidation. 
Probably, the Calvin–Benson cycle is activated to prepare 
a sufficient electron sink in response to the SP illumination 
even in the dark in these algae. Additionally, the P700 oxida-
tion systems on the electron donor side of PSI are probably 
dominant for P700 oxidation in these algae. Photosynthetic 
linear electron transport between PSII and PSI is basically 
limited in Cyt b6/f (Anderson 1992), and it can be further 
suppressed by regulatory mechanisms (Kramer et al. 2003; 
Shaku et al. 2016). Suppression of the electron transport 
in Cyt b6/f by the thylakoid lumen acidification is the best 
understood regulatory mechanism, also known as the pho-
tosynthetic control (Schöttler et al. 2015). In plant leaves, 
the lumen acidification is promoted by proton conductance 
modulations of chloroplast ATP synthase (Rott et al. 2011) 
and cyclic electron flow (Nandha et al. 2007) in response to 
situations of limitation on the electron acceptor side of PSI. 
In the diatom P. tricornutum, which showed  O2-insensitive 
P700 oxidation during SP illumination (Fig. 1t),  NADP+ 
and ATP can be modulated by the interaction with mito-
chondria (Bailleul et al. 2015; Flori et al. 2017), possibly 
contributing to the oxidation of P700 during SP illumination 
from the electron donor and acceptor sides of the PSI. The 
 O2-insensitive mechanisms for P700 oxidation in some spe-
cies of red algae and secondary algae with red plastid should 
be investigated in future surveys.

In addition to cyanobacteria and green algae harbor-
ing FLV, we also observed the  O2-dependent P700 oxida-
tion during SP illumination in the unicellular secondary 
alga V. punctata and in four brown algae species (Fig. 1k, 
m–p). Given that red algae lack FLV (Allahverdiyeva et al. 
2015), these algae are likely to safely dissipate electrons 
to  O2 through alternative pathways other than FLV such as 
plastidial terminal oxidase (i.e., chlororespiration; Krieger-
Liszkay and Feilke 2016) and the Mehler reaction (i.e., 
water–water cycle; Mehler 1951; Miyake and Asada 1992). 
Conversely, the dinoflagellate Symbiodinium species excep-
tionally have analogous genes for FLV, and it was shown that 
they present an  O2-dependent AEF (Roberty et al. 2014). 
The evolutionary origin of FLV genes may be difficult to be 
fully explained along with the conventional phylogeny of 
oxygenic photoautotrophs (Falkowski et al. 2004). Unfortu-
nately, we could not exclude the possibility that FLV func-
tions as a P700 oxidation system in V. punctata, and in the 
brown and green algae.

Here, we rethink the reason for why angiosperms lost 
FLV during its evolutionary history. From the evaluation of 
P700 oxidation during SP illumination, the red algae from 
Porphyridium, Chondrus, Callophyllis, and Grateloupia 
could keep oxidized P700 without  O2 and FLV (Fig. 1j–o). 
This indicates that FLV is not always essential for P700 
oxidation during SP illumination. Moreover, FLV was lost 

upon the origin of red algae earlier than for angiosperms 
during the evolutionary history of oxygenic photoautotrophs 
(Fig. 4). Although its activity should be strictly modulated 
in response to environmental variations, FLV is likely to 
have the potential to deprive the acceptor side of PSI of 
electrons for photosynthetic  CO2 assimilation. Additionally, 
FLV has a diiron site that demands iron and is highly costly 
(Vicente et al. 2008). Further, FLV has two flavin modules 
in one protein, which have the potential to react with  O2 
and produce superoxide anion radical  (O2

−) (Massey et al. 
1969; Miyake et al. 1998; Foyer and Noctor 2000; Mubarak-
shina et al. 2010; Schmitt et al. 2015). Therefore, the lack of 
FLV in angiosperms may be reasonable for their success to 
thrive in terrestrial habitats. Finally, during the evolutionary 
history of land plants, some angiosperms have developed 
 CO2-concentrating mechanisms (CCM) to stop utilizing  O2 
in photorespiration in addition to FLV. This is interestingly 
similar to the strategies used to prepare electron sinks in 
aquatic photoautotrophs of the red plastid lineage (Fig. 4). 
Each oxygenic photoautotroph would develop the survival 
strategies suit to their lifestyle and/or habitat.
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