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Abstract To elucidate the molecular mechanism to oxi-
dize the reaction center chlorophyll, P700, in PSI, we
researched the effects of partial pressure of O, (pO;) on
photosynthetic characteristic parameters in sunflower
(Helianthus annuus L.) leaves. Under low CO, conditions,
the oxidation of P700 was stimulated; however the
decrease in pO, suppressed its oxidation. Electron fluxes in
PSII [Y(II)] and PSI [Y(I)] showed pO,-dependence at low
CO, conditions. H+-consumpti0n rate, estimated from
Y(II) and CO,-fixation/photorespiration rates (J gH*),
showed the positive curvature relationship with the dissi-
pation rate of electrochromic shift signal (Vi}), which
indicates H'-efflux rate from lumen to stroma in chloro-
plasts. Therefore, these electron fluxes contained, besides
CO,-fixation/photorespiration-dependent electron fluxes,
non-H"-consumption electron fluxes including Mehler-
ascorbate peroxidase (MAP)-pathway. Y(I) that was larger
than Y(II) surely implies the functioning of cyclic electron
flow (CEF). Both MAP-pathway and CEF were suppressed
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at lower pO,, with plastoquinone-pool reduced. That is,
photorespiration prepares the redox-poise of photosynthetic
electron transport system for CEF activity as an electron
sink. Excess Y(II), [AY(II)] giving the curvature relation-
ship with Vi, and excess Y(I) [ACEF] giving the differ-
ence between Y(I) and Y(II) were used as an indicator of
MAP-pathway and CEF activity, respectively. Although
AY(II) was negligible and did not show positive relation-
ship to the oxidation-state of P700, ACEF showed positive
linear relationship to the oxidation-state of P700. These
facts indicate that CEF cooperatively with photorespiration
regulates the redox-state of P700 to suppress the over-re-
duction in PSI under environmental stress conditions.

Keywords Cyclic electron flow - Electron sink - Mehler-
ascorbate peroxidase (MAP)-pathway - Oxygen -
Photosystem I - Photorespiration - P700

Abbreviations

AEE Alternative electron flow

AL Actinic light

APX Ascorbate peroxidase

CEF Cyclic electron flow

Chl Chlorophyll

Ci Partial pressure of intercellular CO,
Cyt Cytochrome

ApH H™-gradient across the thylakoid membranes

ECS Electrochromic shift

ETR Electron transport rate

JgH*  HT-consumption rate estimated from Y(II) and
CO,-fixation/photorespiration rate

MAP  Mehler-ascorbate peroxidase

NPQ Non-photochemical quenching

P700 Reaction center P700 chlorophyll in PSI

PET Photosynthetic electron transport
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PQ Plastoquinone

PQH,  Plastoquinol

PS Photosystem

ROS Reactive oxygen species

SOD Superoxide dismutase
Vit H™-efflux rate estimated from ECS signal
Y(I) Quantum yield of PSI

Y(II) Quantum yield of PSII

Y(NA) Quantum yield of non-photochemical quenching
due to the acceptor-side limitation in PSI

Y(ND) Quantum yield of non-photochemical quenching
due to the donor-side limitation in PSI

pCO,  Partial pressure of CO,

PO, Partial pressure of O,

qL The fraction of oxidized Qx

rSP Repetitive short pulse

ve RuBP carboxylation rate

Vo RuBP oxygenation rate

Introduction

Stagnation of photosynthesis induced by environmental
stress causes electrons to accumulate in photosynthetic
electron transport (PET) system (Asada 1999). For exam-
ple, under high-light intensity, the supply of photon energy
to PET system is in excess against the usage of photons to
produce NADPH and ATP for CO, fixation (Kramer and
Evans 2011). Furthermore, drought stress suppresses CO,
fixation in the Calvin cycle by inducing stomata closure,
which impedes the influx of CO, into leaves. In conse-
quence, the decrease in partial pressure of intercellular CO,
(Ci) in the leaves lowers the carboxylation activity of
ribulose-1,5-bisphosphtae (RuBP) by RuBP carboxylase/
oxygenase (Rubisco) (von Caemmerer and Farquhar 1981).
The lower carboxylation rate of RuBP also induces the
excess state of photon-energy supply to PET system even
under low-light conditions. These lower efficiencies of
photon usage induce the accumulation of electrons in PET
system, which suffers from oxidative damages by reactive
oxygen species (ROS) (Krieger-Liszkay 2005; Krieger-
Liszkay et al. 2011; Roach and Krieger-Liszkay 2014).
Recently, we found that ROS produced in photosystem
(PS) I of thylakoid membranes inactivates PSI itself in vivo
and in vitro (Sejima et al. 2014; Takagi et al. 2016). To
fulfill electrons in PET system, we repetitively illuminated
short-pulse illumination to intact leaves of sunflower
plants, and isolated chloroplasts from spinach leaves.
Subsequently, we found that only in the presence of O,, the
repetitive short-pulse (rSP) treatment inactivates PSI, but
not PSII (Sejima et al. 2014; Zivcak et al. 2015a, b; Takagi
et al. 2016). The inactivation of PSI accompanied with the
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decreases in both oxidizable P700 content and CO, fixation
activity, which indicated that ROS produced in PSI
inhibited the charge separation of P700 and impaired PET
reaction (Sejima et al. 2014; Zivcak et al. 2015a; Takagi
et al. 2016). About PSI photoinhibition induced by rSP
treatment, we found that ROS scavenging system consisted
with Cu—Zn superoxide dismutase (SOD) and ascorbate
peroxidase (APX) cannot protect PSI from its photoinhi-
bition (Takagi et al. 2016). On the other hand, we also
found that oxidation of P700 suppressed the inactivation of
PSI activity (Sejima et al. 2014). In Sejima et al. (2014), we
regulated the redox-state of P700 by illuminating actinic
light (AL) to intact leaves during the rSP treatment. Then,
PSI photoinhibition was suppressed with the increase in
oxidized P700. That is, stimulating the formation of oxi-
dized P700 is important in order to escape ROS production
in PSI and PSI photoinhibition (Sejima et al. 2014; Takagi
et al. 2016).

In higher plants, the increase in oxidized P700 on
exposure to high light and low-[CO,] is observed ( Golding
and Johnson 2003; Miyake et al. 2005). This would be the
regulative response of PET system to suppress ROS pro-
duction in PSI under such stressful conditions. In fact,
mutants of Arabidopsis thaliana which was deficient in the
activity of Fd-dependent increase in minimal Chl fluores-
cence (pgr5 mutant), or state-transition (szn7 mutant) did
not show the induction of oxidized P700 under fluctuating
light conditions (Grieco et al. 2012; Suorsa et al. 2012;
Kono et al. 2014), and suffered from PSI photoinhibition.
These mutants underwent the accumulation of electrons in
PET system, which would produce ROS (Suorsa et al.
2012; Tikkanen et al. 2012; Tikkanen and Aro 2014).

Several candidates for the molecular mechanism to
oxidize P700 have been proposed (Miyake 2010). For the
oxidation of P700, two aspects should be considered; first,
electron sink in photosynthesis to consume electrons pro-
duced in PET system; second, limitation of electron flow to
P700 from PSII. As an electron sink which alternates to
CO, fixation, photorespiration would have potential to
consume electrons (Brestic et al. 1995; Kozaki and Takeba
1996; Badger et al. 2000; von Caemmerer 2000; Sejima
et al. 2016). The electron flow to P700 is regulated by
acidification of the lumenal side of thylakoid membranes
(Schreiber and Neubauer 1990; Heber and Walker 1992;
Kramer et al. 1999; Miyake 2010; Johnson 2011; Tikhonov
2013). Mehler-ascorbate peroxidase (MAP) pathway (the
water—water cycle) and cyclic electron flow around PSI
(CEF) can induce the acidification of lumenal side of
thylakoid membranes, which drive non-photochemical
quenching (NPQ) of Chl fluorescence to decrease excita-
tion efficiency of PSII, and suppress the PQH,-oxidation
activity in Cyt bgf-complex (Miyake 2010). Therefore,
MAP-pathway and CEF would trigger the slowing down of
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the electron flow to P700 in PSI from PSII owing to the
acidification of lumenal side of thylakoid membranes. The
electron flows alternate to CO, fixation is called “alterna-
tive electron flow (AEF),” which includes photorespira-
tion, MAP-pathway, and CEF.

In the present work, we aimed to elucidate the oxidation
mechanism of P700 in leaves of sunflower (Helianthus
annuus L.), and to determine which pathway or pathways
among photorespiration, MAP-pathway, or CEF controls
the oxidation level of P700. Both photorespiration and
MAP-pathway require O, to express their activities.
However, MAP-pathway does not consume ATP. Thus, we
can distinguish H"-consumption pathway, photorespira-
tion, from MAP-pathway by analyzing electrochromic shift
(ECS)-signal, which indicates ATP synthesis activity dur-
ing photosynthesis (Kanazawa and Kramer 2002; Avenson
et al. 2005; Takizawa et al. 2008; Sejima et al. 2016). We
studied the effects of partial pressure of O, on PET system,
and found that photorespiration contributes to the oxidation
of P700, and prepares the redox-poise in PET system for
CEF turnover, which supports to oxidizing P700 in PSIL

Materials and methods
Plant materials

In this study, we used sun flower (Helianthus annuus L.) as
a plant material. Seeds were imbibed using wet cotton at
4 °C for 3 days to promote synchronized germination. The
imbibed seeds were grown in a mixture of soil (Metro-Mix
350; Sun Gro Horticulture, Bellevue, WA, USA) and ver-
miculite (Konan, Osaka, Japan) in pots (12 x 12 cm? in
width and 9.5 cm in depth). The plants were placed in an
environmentally controlled chamber with 14 h of light
(25 °C) and 10 h of darkness (23 °C). The light intensity
was 500 pE m2 s~'. The seedlings were watered every
second day with 0.1 % Hyponex solution (N:P:K = 5:10:5,
Hyponex, Osaka, Japan). Analyses were carried out on
fully expanded mature leaves of plants grown for at least
4 weeks.

Gas exchange analysis and measurement
of chlorophyll fluorescence and P700"

For correct understanding of photosynthesis in higher
plants, we measured gas exchange analysis, chlorophyll
fluorescence, and P700% simultaneously with a Li-7000
(Li-Cor, Nebraska, USA) and Dual-PAM-100 (Heintz
Walz GmbH, Effeltrich, Germany). In this measurement,
we used a 3010 DUAL gas exchange leaf chamber (Heintz
Walz GmbH, Effeltrich, Germany). Atmospheric gas

(40 Pa CO,/21 kPa O,) and gas with the indicated mixture
of pure O, and CO, were prepared by mixing 20.1 % (v/v)
0,10 79.9 % (v/v) No, 1 % (v/v) CO, in 99 % N,, and pure
N, gas using a mass-flow controller (Kofloc model 1203;
Kojima Instrument Co., Kyoto, Japan). The gases were
saturated with water vapor at 18.0 £ 0.1 °C and the leaf
temperature was maintained at 25 °C. The chlorophyll
fluorescence parameters were calculated as follows (Kra-
mer et al. 2004; Baker 2008; Miyake et al. 2009): maxi-
mum quantum efficiency of PSII photochemistry,
Fv/Fm = (Fm — Fo)/Fm; quantum yield of photochemi-
cal energy conversion in PSII, Y(II) = (Fm' — Fs)/Fm’;
non-photochemical quenching NPQ = (Fm — Fm')/Fm';
Qa oxidized state (qL) = (Fm' — Fs)/(Fm' — Fo')x
(Fo' /Fs); Fo, minimum fluorescence yield; Fm, maximum
fluorescence yield; and Fs, steady-state fluorescence yield.
Measuring light (0.1 ©E m™2 s~') and saturated pulse
(20,000 pE m~2 s, 300 ms) were applied to determine Fo
and Fm. H*-consumption rate (JgH™) estimated from CO,
fixation rate (A), respiration rate (Rd), and electron trans-
port rate (ETR) was calculated as described in Sejima et al.
(2016), on the assumption that MAP-pathway did not
function as AEF. For this calculation, RuBP carboxylation
rate (vc) and RuBP oxygenation rate (vo) were calculated
as follows: vc = (1/6) x {ETR—4 x (A+Rd)}, vo =
(1/6) x {ETR/2 + 4 x (A + Rd)}. In this study, ETR was
calculated, as follows: ETR = AL intensity x Y(II) x 0.45.
By using these parameters, JgH" was calculated, as fol-
lows: JgH+ =934 x (v¢ + vo) x {3 + 3.5 x (volvc)}/
{2 4+ 2 x (volve)} (Sejima et al. 2016). The oxidation—
reduction state of P700" was determined according to the
methods of Klughammer and Schreiber (1994) as follows:
quantum yield of photochemical energy in PSI, Y(I) =
(Pm' — P)/Pm; quantum yield of non-photochemical
quenching due to the acceptor-side limitation, Y(NA) =
(Pm — Pm')/Pm; and quantum yield of non-photochemical
quenching due to the donor-side limitation, Y(ND) =
P/Pm. The maximum oxidation level of P700 chlorophyll
(Pm) was obtained by a saturated pulse under far-red light
and reflected the maximum amount of photooxidized P700
chlorophyll. The parameter P reflects the steady-state oxi-
dation level of P700™, and Pm’ was obtained by a saturated
pulse at a steady state. Actinic red light (AL) was used to
measure the photosynthetic parameters.

Measurement of electrochromic shift

Gas exchange analysis and electrochromic shift were
simultaneously measured with a Li-7000 and Dual-PAM
which equipped with P515-analysis module (Klughammer
et al. 2013). Gaseous phase was controlled as described in
the method of gas exchange analysis and measurement of
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chlorophyll fluorescence and P700". The gases were sat-
urated with water vapor at 18.0 £ 0.1 °C and the leaf
temperature was maintained at 25 °C. The proton motive
force, proton conductance (gH") in ATPsynthase, and H*
efflux rate (Vi;) was measured by dark-interval relaxation
kinetics (DIRK) analysis as described in (Sacksteder and
Kramer 2000; Baker et al. 2007). For the DIRK analysis,
we set the transient dark (600 ms) during AL illumination.
In this analysis, we measured the extend of the change in
ECS as a proton motive force, and the half-life (1) of
ECS decay for the calculation of gH' (1/7,,). Vii was
estimated from the initial decay of ECS during the transient
dark. The value of proton motive force was normalized by
dividing the magnitude of ECS decay in DIRK analysis on
the magnitude of ECS induced by single turnover flash
(10 ps) (Klughammer et al. 2013).

Results and discussion

We aimed to elucidate what molecular mechanism regu-
lates the oxidation level of P700 [Y(ND)] in PSI of thy-
lakoid membranes. As described in introduction, the
electron sink and the limitation of electron flow to P700
could control Y(ND). We studied the effects of pO, on
photosynthesis characteristics in sunflower leaves, because
photorespiration requires O, to function as an electron sink,
and MAP-pathway also requires O, to induce ApH across
thylakoid membranes. Simultaneously, we tried to evaluate
CEF activity from the difference between Y(I) and Y(II)
(Kou et al. 2013, 2015).

Effects of pO, on photosynthetic CO,-fixation
in sunflower leaves

At 40 Pa of the partial pressure of CO, (pCO,), pO,
decreased from 21 to 0 kPa after photosynthetic CO, fixation
rate reached the steady state (Fig. 1). With lowering pO,,
CO, fixation rate increased from 16 to 23 pmol CO, m >
s~'. This was due to the suppression of photorespiration
activity (von Caemmerer 2000). At 4 Pa of pCO,, CO, fix-
ation rate was lower than that at 40 Pa of pCO, and 21 kPa of
pO,. This is because lower pCO, suppressed CO, fixation
rate to near zero, where Ci was close to CO,-compensation
point. At 4 Pa of pCO,, photorespiration activity was also
suppressed with lowering pO,, as observed in the increase in
CO, fixation rate to about 2 pmol CO, m s L

Effects of pO, on parameters of PSII
At 40 Pa of pCO,, Y(II) and qL almost did not respond to

the decrease in pO, (Fig. 2a, b). This would be due to a
reason that photosynthetic CO, fixation was not limited by
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Fig. 1 pO, response of CO, fixation rate in leaves. Before this
analysis, plants were pre-illuminated at growth light intensity (500 pE
m~2 s7!) under ambient conditions [Partial pressure of CO, (pCO,)
40 Pa, pO, 21 kPa, 25 °C] for activating electron sink. After the
electron sink activation, pO, concentration was decreased in phase
from 21 to O kPa. For each pO,, the parameters were obtained at
steady state. Black square, leaves under 40 Pa pCO,; Red circle,
leaves under 4 Pa pCO,; Data were expressed as mean + SEM of
three independent experiments

Rubisco (Miyake et al. 2005). At 4 Pa of pCO,, Y(II) was
lower than that at 40 Pa of pCO,. This would be due to the
lower photosynthetic CO, fixation rate (Fig. 1). Y(II)
decreased with lowering pO, from 10 kPa (Fig. 2a). This
would be mainly due to the suppression of photorespira-
tion, as observed in Fig. 1. qL at 4 Pa pCO, was also lower
than that at 40 Pa of pCO,, and gL decreased with lowering
pO, from 10 kPa (Fig. 2b). The behavior of qL. resembled
Y(I) (Fig. 2a). These facts suggest that photorespiration
functioned as an electron sink to oxidize plastoquinone
(PQ)-pool under CO, limited conditions. NPQ was higher
at 4 Pa of pCO, than that at 40 Pa of pCO,, and NPQ
decreased with lowering pO, from 2 kPa (Fig. 2c). These
results suggest the induction of profon motive force during
the limitation of CO, fixation, as observed in the increase
in NPQ.

Effects of pO, on parameters of PSI

At 40 Pa of pCO,, Y(I), Y(ND), and Y(NA) almost did not
respond to the decrease in pO, (Fig. 3). This would be due
to a reason that photosynthetic CO, fixation was not lim-
ited by Rubisco, as observed in Y(II) (Fig. 2a) (Miyake
et al. 2005). At 4 Pa of pCO,, Y(I) was lower than that at
40 Pa of pCO,, and Y(I) decreased with lowering pO, from
10 kPa (Fig. 3a). These responses of Y(I) resembled those
of Y(II) (Fig. 2a). Y(ND) at 4 Pa pCO, was higher than
that at 40 Pa of pCO,, and Y(ND) decreased with lowering
pO; from 10 kPa (Fig. 3b). The behavior of Y(ND) at 4 Pa
pCO, resembled Y(I) at 4 Pa pCO, (Fig. 3a). Y(NA) at
4 Pa pCO, was the same with that at 40 Pa of pCO, when
O, adequately exists, however Y(NA) at 4 Pa pCO,
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Fig. 2 pO, response of Y(II)
(a), qL (b), and NPQ (c). Before
this analysis, plants were pre-
illuminated at growth light
intensity (500 uE m~2 s™")
under ambient conditions (pCO,
40 Pa, pO, 21 kPa, 25 °C) for
activating electron sink. After
the electron sink activation, pO,
concentration was decreased in
phase from 21 to 0 kPa. For
each pO,, the parameters were
obtained at steady state. Black
square, leaves under 40 Pa
pCO,; Red circle, leaves under
4 Pa pCO,. Data were
expressed as mean £+ SEM of
three independent experiments

Fig. 3 pO, response of

Y(D) (a), Y(ND) (b), and Y(NA)
(c). Before this analysis, plants
were pre-illuminated at growth
light intensity (500 pE m 2 s~")
under ambient conditions (pCO,
40 Pa, pO, 21 kPa, 25 °C) for
activating electron sink. After
the electron sink activation, pO,
concentration was decreased in
phase from 21 to 0 kPa. For
each pO,, the parameters were
obtained at steady state. Black
square, leaves under 40 Pa
pCO,; Red circle, leaves under
4 Pa pCO,. Data were
expressed as mean £+ SEM of
three independent experiments
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increased with lowering pO, from 10 kPa (Fig. 3c). At
4 Pa pCO,, the behavior of Y(NA) was reverse to Y(I) and
Y(ND) (Fig. 3a, b). These results indicate that, at 4 Pa
pCO,, the decrease in Y(I) with lowering pO, is caused by
the limitation of acceptor-side in PSI. On the basis of these
results, P700 is oxidized depending on the presence of O,
when CO, fixation is suppressed. That is, photorespiration
contributes to the oxidation of P700, which suppresses the
limitation of acceptor-side of P700. For the induction of
Y(ND), slowing down of photosynthetic electron flow from
PSII to PSI would be required, and then ApH across the
thylakoid membranes critically contributes to the limitation
of electron flux to PSI (Tikhonov 2013). Therefore, pho-
torespiration should involve in the formation of proton
motive force under CO, limited conditions. In the next
chapter, we studied the formation mechanism of profon
motive force under CO, limited conditions.

Effects of pO, on H*-consumption rate

AEF including MAP-pathway and CEF do not consume
H" accumulated in lumenal side of thylakoid membranes
during CO, fixation and photorespiration. To elucidate the
molecular mechanisms of AEF to induce Y(ND), we
studied the dependence of electron flux in both PSII and
PSI on H*-consumption rate.

At 40 Pa of pCO,, proton motive force almost did not
respond to the decrease in pO, (Fig. 4a). This would be due
to the constant electron fluxes in both PSII and PSI
(Figs. 2a, 3a). At 4 Pa of pCO,, proton motive force was
larger than that at 40 Pa of pCO,, even though photosyn-
thesis decreased (Figs. 2a, 3a). For the formation of proton
motive force, PET reaction is required. That is, the decrease
in electron sink of CO, fixation activated AEF which
induces proton motive force. The proton motive force
decreased with lowering pO, (Fig. 4a). This would be due
to the suppressions of AEF including photorespiration,
MAP-pathway, and CEF. H*-conductance (gH") almost
did not respond to the decrease in pO, at 40 Pa pCO,
(Fig. 4b). In contrast, at 4 Pa of pCO,, gH" was lower than
that at 40 Pa of pCO,, and gH" decreased with lowering
pO, (Fig. 4b). H"-consumption rate (Vi) almost did not
respond to the decrease in pO,, except that below 2 kPa
pO, at 40 Pa pCO, (Fig. 4c). At 4 Pa of pCO,, Vi was
lower than that at 40 Pa of pCO,, and Vj; decreased with
lowering pO, (Fig. 4c). gH' and Vi is determined by the
HT-efflux activity through ATPsynthase to generate ATP
from ADP, and Pi (Baker et al. 2007; Takizawa et al.
2008). That is, the change in gH" and Vi means the
change of availability of ADP and Pi in chloroplast
(Kanazawa and Kramer 2002; Avenson et al. 2005; Tak-
izawa et al. 2008). Therefore, this result showed that the
turnover rate of ATP to produce ADP and Pi decreases
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with lowering pO,. Based on these observations, we sug-
gested that H'-consuming O,-dependent photosynthetic
electron flow, namely photorespiration, is exactly driven at
4 Pa pCO, as a main AEF, but not MAP-pathway which
does not consume ATP (Sejima et al. 2016).

To confirm whether all the AEF activity depending on
O, can be explained by the activity of photorespiration, we
studied the relationship between ATP consumption rate,
which was estimated from CO, fixation and photorespira-
tion, and Vij. ATP consumption rate is expressed as JgH™,
which depends on the rates of RuBP carboxylase and
oxygenase activities (vc¢ and vo; see “Materials and meth-
ods,” Sejima et al. 2016). First, we assumed that MAP-
pathway did not function in the estimation of JgH" from
the values of Y(II) and the net CO, assimilation rate. If
MAP-pathway functioned, Y(II) would be overestimation
due to the electron flow driven by MAP-pathway. JgH™
was plotted against Vi, which was estimated from ECS-
analysis in vivo (Sejima et al. 2016). Contrary to our
expectations, JgH™ behaved as curvature fashion against
Vi (Fig. 5a). On the other hand, JgH™ had a positive linear
relationship with Y(II) (Supplemental Fig. S1). These
results indicate that Y(II) used for the evaluation of JgH™
involves electron flux of AEF, which does not consume
H, in addition to photorespiration-dependent electron
flux. In fact, Y(II) clearly shows the deviation (indicated by
shade area) from the positive linear relationship between
Y(II) and Vi; (Fig. 5b). The deviation shows the presence
of AEF, which requires O, to express its activity. The most
plausible candidate mechanism to drive this AEF is MAP-
pathway.

We found that Y(I) was larger than Y(II), and Y(I) also
shows the deviation from the linear relationship between
Y(I) and Vi; (Fig. 5¢). Y(I) also showed the dependence on
pO, (Fig. 3a). These results show that Y(I) involves the
electron fluxes for photorespiration and MAP-pathway as
photosynthetic linear electron flow and CEF.

To elucidate the molecular mechanism of AEF to induce
Y(ND), we plotted Y(ND) against Vit (Fig. 5d). With the
decrease in Vi from about 100-40 s™!, Y(ND) increased,
and then decreased. These results possess the possibility
that the suppression of photorespiration lowered other AEF
activity producing proton motive force under CO, limited
conditions.

To confirm whether Y(ND) and proton motive force are
induced by MAP-pathway and CEF under CO, limited
conditions, we estimated their activity and studied the
capability to oxidize P700. First, we plotted Y(ND) against
proton motive force (Fig. 6a). Then, we confirmed the
induction of Y(ND) required proton motive force. We
calculated non-H+-consumption electron flux in PSII,
MAP-pathway activity, shown as the shaded area in
Fig. 5b. Red linear line showed the electron flux in PSII



Photosynth Res (2016) 129:279-290

285

Fig. 4 pO, response of proton
motive force (a), gH" (b), and
Vit (¢). Before this analysis,
plants were pre-illuminated at
growth light intensity (500 pE
m™2 s_l) under ambient
conditions (pCO, 40 Pa, pO,
21 k Pa,25 °C) for activating
electron sink. After the electron
sink activation, pO,
concentration was decreased in
phase from 21 to 0 kPa. For
each pO,, the parameters were
obtained at steady state. Black
square, leaves under 40 Pa
pCO,; Red circle, leaves under
4 Pa pCO,. Data were
expressed as mean == SEM of
three independent experiments

Fig. 5 The effect of HY
consumption rate (Vi)
estimated from ECS to JgH*
(a), Y(I) (b), Y(I) (c), and
Y(ND) (d) was shown. The
values of Vi, Y(ND), and Y(II)
were used in Figs. 2, 3, and 4.
JgH" was also calculated from
the value of CO, fixation rate
and Y(II) presented in Figs. 1
and 2a. Black square, leaves
under 40 Pa pCO,; Red circle,
leaves under 4 Pa pCO,
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Fig. 6 The relationships = A
between Y(ND) and proton =T 20} i
motive force (a), AY(Il) and § % O
Y(ND) (b), AY(I]) and proton 2 15! .
motive force (¢), ACEF and 'g E ({)
Y(ND) (d), and ACEF and Sw 10l
proton motive force (e) were § 8 ) <I>
shown. The values of Y(ND) §3 .5l o
were used in Fig. 3. The value S w ’
of AY(I) was calculated by = 8 0.0 L ) ) ) ) )
subtracting Y(II) from Y(I), 2 "0 01 02 03 04 05
which are shown in Figs. 2 and
3. The values of proton motive Y(ND)
force were used in Fig. 4. Red
circles indicate the data 0.10 ¢ B 0.10;,C
obtained at 4 Pa pCO,
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required for driving CO, fixation and photorespiration. The
deviation of Y(II) from the red line showed the electron
flux reflecting non-H*-consumption electron flux. Subse-
quently, we found that there are no significant relationship
between AY(II) and Y(ND), or AY(Il) and proton motive
force (Fig. 6b, c). These results indicate that MAP-pathway
could not contribute to the formation of proton motive
force, and the oxidation of P700.

Next, non-H+-consumption electron flux in PSI, CEF
activity (ACEF) was calculated from the difference
between Y(I) and Y(II) (Kou et al. 2013, 2015). We plotted
ACEF against Y(ND) and proton motive force (Fig. 6d, e).
We found that ACEF showed positive linear relationship
with Y(ND) and proton motive force. These data supported
the idea that CEF contributes to the induction of proton
motive force to induce Y(ND).

In the present research, we showed that photorespiration
functioned as an electron sink, shown as the inductions of
Y(I) and gL. That is, photorespiration oxidized PQ-pool
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(Figs. 1, 2). In addition, a decrease in qL accompanied the
increase in Y(NA) (Fig. 3). These results suggest that
photorespiration regulates the redox-state of PET system as
an electron sink at lower CO, conditions. In concert with
the activity of photorespiration, CEF contributes to the
oxidation of P700. That is, CEF would require O, to pre-
pare the redox-poise for driving CEF.

Concluding remarks

We succeeded in the elucidation of the physiological
importance of photorespiration under CO, limited condi-
tions. Furthermore, we also succeeded in the detection of
AEF which does not consume H" accumulated in the
lumenal side of thylakoid membranes by plotting both
Y(I) and Y(II) against Vi;. Our method is useful to evaluate
the activities of CEF and MAP-pathway in vivo. From our
present research, we confirm that CEF cooperatively
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contributes to regulate the redox-state of P700 with the
help of photorespiration, which stimulates the oxidation of
electron carriers in PSI of thylakoid membranes.

CEF can drive the induction of ApH across thylakoid
membranes, and contribute to the production of ATP
(Heber and Walker 1992; Miyake et al. 1995). The concept
of CEF was first proposed in Arnon 1959, and developed in
Allen 2002, and Allen 2003. CEF story was made in
in vitro experiments (Okegawa et al. 2008; Miyake et al.
1995; Munekage et al. 2002; Nishikawa et al. 2012; Shi-
kanai 2007; Yamamoto et al. 2011; Yamamoto and Shi-
kanai 2013; Wang et al. 2014). Recently, two molecular
mechanisms to drive CEF were proposed using mutants of
Arabidopsis thaliana by Shikanai’s group (Yamamoto
et al. 2011; Wang et al. 2014). Ferredoxin (Fd)-dependent
PQ oxidoreductase (FQR)-pathway and NAD(P)H dehy-
drogenase like complex (NDH)-dependent pathway func-
tion in vivo (Munekage et al. 2008; DalCorso et al. 2008;
Livingston et al. 2010; Yamori et al. 2015). FQR requires
PGRS protein, which activity is inhibited by the antibiotics
antimycin A. NDH and PGR5-dependent CEF activities
range from 0.035 s~ in vitro (Fisher and Kramer 2014),
0.1 s™' in vivo (Trouillard et al. 2012), to 1 s~' in vivo
(Gotoh et al. 2010). Although these activities are quite
lower than the turnover rate of photosynthesis, PGR5-de-
pendent CEF can induce proton motive force. In fact,
Miyake et al. (1995), and Strand et al. (2016) observed that
antimycin A-sensitive CEF induces proton motive force
although the induction rate was also slow. In addition to
antimycin A-sensitive pathway, NDH pathway is also
capable to form proton motive force (Livingston et al.
2010). Importantly, under low CO, conditions, the demand
on ATP synthesis rate for the Calvin cycle and photores-
piration would be lower than ambient conditions because
gH™ was considerably lower at 4 Pa CO, than 40 Pa CO,
(Fig. 4b) (Kanazawa and Kramer 2002; Takizawa et al.
2008; Kohzuma et al. 2009). Therefore, H"-efflux from
lumenal side to stromal side in chloroplasts is restricted at
4 Pa CO, than 40 Pa CO,, and H' accumulation is
accelerated (Fig. 4c). That is, even CEF is the minor flux of
photosynthesis, its activity would be enough to induce
proton motive force. Therefore, CEF activity, which was
detected as ACEF to induce Y(ND), would contain both
PGRS5- and NDH-dependent CEF in vivo. Furthermore,
CEF requires the optimum redox-state of PQ-pool to
express its maximum activity (Hormann et al. 1994; Allen
2003). At the extreme, reduced and oxidized states of PQ-
pool CEF cannot turnover and cannot induce proton motive
force. Thus, CEF activity decreased with photorespiration
activity, which suppresses the over-reduction of PET
system.

Laisk et al. (2010) reported that intact leaves have two
kinds of CEF: fast- and slow-types, respectively (Miyake

2010). The slow-type is driven by PGR5/NDH-dependent
CEFs. The fast-type CEF does not induce proton motive
force, and the molecular mechanism to drive fast-type CEF
remains unknown. The turnover rate of fast-type CEF in
planta is estimated about 70-200 s~' per PSI (Joliot and
Joliot 2002; Joliot et al. 2004; Laisk et al. 2007, 2010),
which is much higher than NDH and PGR5-dependent CEF
activities. The discrimination of fast- and slow-type CEFs
would be difficult, because CEF requires the optimum
redox-state, the redox-poise, to express their maximum
activities. Therefore, their dependence on the redox-state of
PQ-pool would be similar between fast- and slow-types.
Thus, ACEF observed in the present research would con-
tain the electron fluxes of both fast- and slow-type of CEF.

CEF to produce proton motive force is not required for
photosynthesis (Nishikawa et al. 2012; Kou et al. 2013,
2015). Mutants deficient in PGRS5-protein in rice and
Arabidopsis plants show the same photosynthesis rate with
wild-type plants (Nishikawa et al. 2012; Kou et al. 2013,
2015). Furthermore, even though the redox-state of P700 is
hampered by antimycin A-treatment, photosynthesis rate is
kept at the same rate with the non-treated state (Kou et al.
2015). These facts show that CEF does not contribute to
driving photosynthesis, namely ATP synthesis. Although
the electron flux of slow-type CEF is too small compared to
photosynthesis electron flux, slow-type CEF can slowly
load the proton motive force on which PET reaction
induces. Therefore, physiological function of CEF would
be to load proton motive force for the enhancement of the
oxidation of P700, and the formation of NPQ to protect
PET system from ROS damages, especially under CO,
limited conditions.

MAP-pathway (the water—water cycle) can drive O;-
dependent electron flow in chloroplasts, which magnitude
ranges from 10 to 40 pmol O, (mg Chl) ' h™' (Asada et al.
1974; Furbank and Badger 1983; Heber et al. 1978; Hor-
mann et al. 1994; Takahashi and Asada 1982, 1988). These
values correspond to about 1 to 5 pmol O, m ™2 s™' in
intact leaves, which are close to those reported by Driver
and Baker (Driever and Baker 2011). Although the electron
flux driven by MAP-pathway occupies a minor flux of
photosynthesis, MAP-pathway has potential to induce
proton motive force and NPQ in vitro (Hormann et al.
1994; Schreiber et al. Schreiber and Neubauer 1990,
Schreiber et al. 1991; Takagi et al. 2012). In contrast, we
failed to find the induction of proton motive force and
Y(ND) by non-H"-consumption electron flux in PSII,
which is estimated as the activity of MAP-pathway
(Fig. 6b, c¢). Compared to ACEF, AY(Il) showed smaller
value (Fig. 6b—e). Therefore, the activity of MAP-pathway
would be lower than CEF activity, and MAP-pathway
might not contribute to any induction of proton motive
force in vivo.
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Recently, our research group found the new regulatory
mechanism to oxidize P700 in PET system of the
cyanobacterium  Synechococcus  elongatus PCC7942
(S. 7942) (Shaku et al. 2015). The deletion of flavodiiron
protein-dependent Mehler reaction suppressed photosyn-
thesis with PQ reduced, and enhanced oxidation of P700.
Reduction of PQ-pool suppressed O,-evolution rate, and
oxidized NADPH, P700, and Cyt f, respectively (Shaku
et al. 2015). Our research group calls this suppressed
electron flow, which was brought by the reduction of PQ-
pool, a reduction-induced suppression of electron flow
“RISE.” RISE contributes to oxidize electron carriers in
PSL. In the present work, lowering CO, caused PQ-pool
reduced, as observed in the decrease in qL. with increase in
Y(ND) (Figs. 2b, 3b). The presence and its physiological
function of RISE in higher plants will be elucidated in the
future.
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