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Abstract

It is still a controversial issue how the electron transport reaction is carried out around photosystem I (PSI) in the photosyn-
thetic electron transport chain. The measurable component in PSI is the oxidized P700, the reaction center chlorophyll in PSI,
as the absorbance changes at 820-830 nm. Previously, the quantum yield at PSI [Y(I)] has been estimated as the existence
probability of the photo-oxidizable P700 by applying the saturated-pulse illumination (SP; 10,000-20,000 umol photons
m~2 s 1. The electron transport rate (ETR) at PSI has been estimated from the Y(I) value, which was larger than the reaction
rate at PSII, evaluated as the quantum yield of PSII, especially under stress-conditions such as CO,-limited and high light
intensity conditions. Therefore, it has been considered that the extra electron flow at PSI was enhanced at the stress condition
and played an important role in dealing with the excessive light energy. However, some pieces of evidence were reported that
the excessive electron flow at PSI would be ignorable from other aspects. In the present research, we confirmed that the Y(I)
value estimated by the SP method could be easily misestimated by the limitation of the electron donation to PSI. Moreover,
we estimated the quantitative turnover rate of P700" by the light-to-dark transition. However, the turnover rate of P700 was
much slower than the ETR at PSII. It is still hard to quantitatively estimate the ETR at PSI by the current techniques.
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Introduction

In the oxygenic photosynthetic organisms, photon energy
absorbed by chloroplasts is converted to chemical energy
at the thylakoid membrane mainly for driving the Calvin
Benson Bassham (CBB) cycle at stroma. This energy-
conversion step in photosynthesis is the “photosynthetic
electron transport reaction”. At the thylakoid membrane,
photon energy absorbed by photosystem II (PSII) induces
the photo-oxidation of H,O, which supplies electrons and
H™ to the electron transport chain and the luminal side of
the thylakoid membrane, respectively. The electrons flow to
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ferredoxin (Fd) via plastoquinone (PQ), cytochrome (Cyt)
bef complex, plastocyanin (PC), and PSI to reduce NADP*
to NADPH catalyzed by Fd-NADP™ reductase (FNR). At
Cyt bef complex, H" is released into the luminal side simul-
taneously with the oxidation of reduced PQ (or plastoquinol;
PQH,). H* accumulated in the luminal side forms the proton
motive force (pmf) which drives ATP synthetase to produce
ATP from ADP and inorganic phosphate. Produced NADPH
and ATP are utilized to assimilate CO, in the CBB cycle.
Rubisco catalyzes the oxygenation of RuBP as well as the
carboxylation of RuBP, which is the primary reaction of
photorespiration. In the photorespiratory pathway, reduced
Fd (Fd™), as well as NADPH and ATP, is also consumed
to reproduce RuBP from the primary product, 2-phospho-
glycolate. Therefore, these reactions, CO, assimilation and
photorespiration, function as the sinks of both electrons and
protons produced by the photosynthetic electron transport
reaction (Hanawa et al. 2017; Miyake 2020). The photosyn-
thetic electron transport reaction has a mutual correlation
with the electron/proton-sink as the electron/proton-source.
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Therefore, the suppression of the CBB cycle directly influ-
ences the electron transport reaction.

The possible effect of the suppression of electron/proton-
sink activity is the accumulation of electrons in the electron
transport chain. Sejima et al. (2014) previously developed
the repetitive short pulse (rSP) method in the dark situation
which artificially causes the electron accumulation in PSI.
rSP-treated plants suffer serious damage to PSI. Further, it
turned out that the oxidation of P700 induced by actinic light
(AL) illumination suppresses the photoinhibition of PSI by
rSP treatments (Sejima et al. 2014). It has been elucidated
that the oxidation of P700 is mainly induced by “photo-
synthetic control” and/or “reduction-induced suppression
of electron flow (RISE)” (Furutani et al. 2020a, b; Miyake
2020).

Photosynthetic control is induced by the enhancement of
the acidification of the luminal side of the thylakoid mem-
brane. When CO, assimilation efficiency is suppressed, the
consumption efficiency of H* at the lumen of the thylakoid
membrane is also suppressed, which lowers the proton con-
ductance (gH*) (Wada et al. 2020). This temporal imbal-
ance of H* inflow and outflow to/from the luminal side
of the membrane enhances the accumulation of H* in the
thylakoid lumen. Subsequently, the acidic environment in
the thylakoid lumen suppresses the electron flow to PSI by
down-regulating the efficiency of the oxidation of PQH, by
Cyt bgf complex (Nishio and Whitmarsh 1993; Tikkanen
et al. 2015) and inducing non-photochemical quenching at
PSII (NPQ) (Baker et al. 2007; Kanazawa and Kramer 2002;
Tikhonov 2018).

RISE has been observed when both electron/proton-sinks
were severely suppressed (Furutani et al. 2020b; Wada et al.
2020). In such situations, the accumulation of electrons in
the electron transport chain results in the highly reduced
state of the PQ-pool. Over-reduction of the PQ-pool sup-
presses the oxidation of PQH, by Cyt b,f because of the
lack of oxidized PQ for driving the Q-cycle, resulting in
the suppression of the electron flow to PSI (Malone et al.
2021; Miyake 2020; Rantala et al. 2020; Shaku et al. 2015;
Shimakawa et al. 2018).

It is still under debate how the electron transport reaction
is carried out and regulated. Especially, the destinations of
the electrons in the CO, limited or high light intensity condi-
tions are more complicated. Therefore, simultaneous evalua-
tions of the reaction rates at multiple points in the photosyn-
thetic pathways (i.e. electron transport rate at PSII, the net
CO, assimilation rate, etc.) would give us important infor-
mation on the destination of the absorbed photon energy and
how plants deal with the excessive light energy. To evaluate
the photosynthetic electron transport reaction, two methods
are commonly conducted, chlorophyll fluorescence analysis
and the absorbance change measurements of the typical light
wavelength (Baker 2008; Chance 1972; Klughammer et al.
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1990). Chlorophyll fluorescence released from photo-excited
chlorophyll a in PSII is commonly used for the estimation
of the destination of photon energy absorbed in PSII (Baker
2008). Yield IT [Y(II)], a parameter of the effective quantum
yield of PSII, is obtained as the variable chlorophyll fluores-
cence under AL by applying saturated pulse (SP) illumina-
tion (10,000—-20,000 umol photons m* s~!) which instanta-
neously makes a full-reduced situation of electron carriers
at the acceptor side of PSII. There is extensive research on
Y(II) and gas-exchange analysis, and it has been confirmed
that Y(II) and electron consumption rate of both CO, assimi-
lation and photorespiration, estimated by gas-exchange tech-
nique, have linear relationships originated at almost zero
(Driever and Baker 2011; Genty et al. 1990; Ghashghaie and
Cornic 1994; Ruuska et al. 2000). Therefore, it can be said
that Y(II) is one of the reliable parameters for estimating the
potential of electron transport reactions. Concerning the PSI,
absorbance changes depending on the P700™ (820—830 nm)
have been used for the analysis (Klughammer and Schreiber
1991; Schreiber et al. 1988). Yield I [Y(I)], the effective
quantum yield of PSI, is also estimated by applying SP illu-
mination to leaf samples (Klughammer and Schreiber 1994).
In this case, Y(I) shows the ratio of photo-oxidizable P700
by SP illumination to total P700 content. Previously, Y(I)
and Y(II) are used for the estimation of electron transport
rate by multiplying them by the photosynthetic photon flux
density and the coefficient for the deviation ratio of light
energy to each photosystem (often 0.4-0.45 are used for)
(Baker et al. 2007; Miyake et al. 2004). Comparing the elec-
tron transport rate (ETR) estimated from Y(II) and Y(I), it
is often observed that ETR at PSI [ETR(I)] is higher than
ETR(II) (Brestic et al. 2016; Makino et al. 2002; Miyake
et al. 2004, 2005, 2015; Munekage et al. 2002; Zhang et al.
2019; Zivcak et al. 2013). This phenomenon is more often
observed in CO,-limited conditions or high light intensity
regions, where the oxidation level of P700 increases. There-
fore, it has been estimated that some kinds of mechanisms,
which caused the excessive electron flow at PSI, contributed
to the oxidation of P700 (Kono and Terashima 2016; Living-
ston et al. 2010; Miyake et al. 2004, 2005; Munekage et al.
2004; Yamori et al. 2016; Zivcak et al. 2013).

Previously, Kadota et al. (2019) and Shimakawa and
Miyake (2021) reported that Fd reduction/oxidation rate
under steady-state photosynthesis showed linear relation-
ships with Y(II) originating at zero. If both Y(I) and Y(II)
quantitatively reflected the electron flow at PSI and PSII,
respectively, one possible reason for the larger Y(I) values
would be that electrons were recycled within PSI, called
“charge recombination” (Kadota et al. 2019). Another pos-
sible explanation is the “overestimation of Y(I)”.

In the present research, we conducted the Y (I) estimation
by SP-method in the darkness to simplify the situations (i.e.
no need to concern any regulations of the electron transport
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and electron consumption capacities of Calvin cycle). By
applying far-red light (FR) illumination which specifically
photo-excites PSI, we imitated the PSI-donor side limiting
situation, where only PC (or the donor side of PSI) was oxi-
dized. In the PC-oxidized situations, the Y(I) values were
significantly higher than that in the dark-adapted state,
which indicated the PSI-donor side limitation could cause
the misestimation of Y(I) value. Previously, it was reported
that in proton gradient regulation 5 protein (PGRS) defi-
cient mutants showed closer/lower Y(I) values when com-
pared to Y(II) under steady-state photosynthesis. Even in
the previously isolated PGR5-defective mutant pgr5"P¢!,
which showed lower Y(I) than Y(II), the misestimation of
Y(I) was observed as in WT under the artificial PC-limiting
situation. The result from the mutants paal-7/poxI, which
showed a decreased amount of PC, strongly supported the
suggestion that the PSI-donor side limitation of the elec-
tron flow would cause the misestimation of Y(I) value. We
tried another method to estimate the reduction rate of P700
in PSI by dark-interval relaxation kinetics (DIRK) analy-
sis (Sacksteder and Kramer 2000) using the Dual-KLAS/
NIR. However, the turnover rate of P700 estimated from
this method was significantly smaller, compared to ETR(II).
These results suggested that the equilibrium reaction of both
Cyt f~PC and PC-P700 electron transportation steps can-
not be ignored in vivo. In the end, we revisit the research
by Sacksteder and Kramer (2000), which has applied the
summation method to the electron transport reaction from
Cyt f'to P700.

Materials and methods
Plant materials and growth condition

Plants of Arabidopsis thaliana wild-type (gl-1) and the
mutants, pgr5"P¢! and paal-7/poxI, were grown in a con-
trolled chamber (10 h light at 25 °C/14 h dark at 22 °C;
100150 umol photons m~2 s~! of light intensity; 50-55% of
relative humidity). Seeds were planted in pots that contained
a 1:1 mix of vermiculite and seeding-culture soil (TAKII
Co., Ltd.). Plants were watered every 2—3 days and 1000-
fold diluted Hyponex solution (Hyponex, Osaka, Japan) was
used once, 3 weeks after the seeding. Measurements were
conducted using the rosette leaves of the plants 5 weeks after
germination.

Wheat (T. aestivum L. cv Norin 61) plants were grown in
the experimental field of Kobe University (34°44’ N, 135.14'
E) in April 2021. The width and length of the fields were
4.3 mx 4.0 m, and there were three ridges in the field. The
height of the ridge was approximately 20 cm. Wheat plants
were planted at a density of 35 plant m~2. Before seeding, we
used urea, superphosphate, and potassium chloride fertilizer

as basal fertilizers (60 kg ha™! as N, P,0s, K,0). After seed-
ing, liquid fertilizer of inorganic nutrients (natural mineral-1,
Sanei Co., Ltd., Japan) was applied every 3 days for the
first week, and once a week for the next 3 weeks, and then
every 3 weeks until 3 months from the germination. For the
measurements, we used the second leaves from the top of
4-5 weeks-old wheat plants.

Measurements of the absorbance changes
of the oxidized P700 (P700™"), oxidized PC (PC*),
reduced Fd (Fd™), and the chlorophyll fluorescence

The redox states of the P700, PC, and Fd were estimated
from the absorbance changes of the four dual-wavelength
(785-840 nm, 810-870 nm, 870-970 nm, 795-970 nm)
measured by Dual-KLAS/NIR. These absorbance changes
were deconvoluted into the signals for P700", PC*, and Fd*
by referring to the differential model plot obtained before
the measurements as described previously (Klughammer
and Schreiber 2016). We determined the maximal reduction/
oxidation-dependent absorbance changes of P700%, PC*, and
Fd™ to convert all the signals into relative values.

The kinetics of three components during the saturated
pulse illumination (SP; 10,000 umol photons m~2 s,
300 ms of duration) was measured in three situations
(Fig. 1); () dark-adapted state, (IT) 3 s after the 10 s of far-
red illumination (740 nm) and single turnover illumination,
where PC was still oxidized while almost all of P700™ turned
back to the ground state, and (III) 13 s after the second situ-
ation, where the redox states of the three components went
back to the dark-adapted state. We considered the maximal
oxidation peak values of P700* during SP illumination as
Y(I) in the text.

The initial reduction/oxidation rate of P700" under steady
actinic light (AL; 1,850 umol photons m~2 s~!) was meas-
ured by dark-interval relaxation analysis as described in
Sacksteder and Kramer (2000), changing the ambient partial
pressure of CO, (40, 30, 20, 10, 5 Pa) under photorespira-
tory conditions (21 kPa O,). We manually drew lines of the
initial linear phases of the reduction of P700* and the slope
of the line was considered as the relative initial reduction
rate of P700*. We determined the amount of P700 in the
measured leaves on the leaf area basis by the method below
and obtained the turnover rate of P700 by multiplying the
relative initial redox rate (% s~!) and the amount of P700
(umol m~2) together.

Simultaneously, chlorophyll fluorescence was meas-
ured by the same instrument. Weak measuring light
(540 nm) was applied to the wheat leaves and obtained
the following parameters; the maximal quantum yield
of PSII (Fv/Fm), Fv/Fm = (Fm — Fo)/Fm; the effective
quantum yield of PSII [Y(ID)], Y(II) = (Fm' — Fs)/Fm’;
the non-photochemical quenching (NPQ), NPQ = (Fm/
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1st SP

3rd SP

Oxidation/Reduction ratio (%)

Fig. 1 The scheme and the result of the Y(I)-estimation experiments.
The result from the wild-type A. thaliana is shown. The estimation of
Y(I) was conducted as follows; (I) the first saturated pulse (SP) appli-
cation at 5 s under dark-adapted state. (II) the application of the 10 s
of far-red light (740 nm) illumination and single turnover (ST) illumi-
nation (50 ps) was applied at 20 S. (III) The second SP illumination
3 s after the ST illumination (at 23 s). (IV) The third SP application
13 s after the second SP illumination (at 35 s). The relative reduc-

Fm’) — 1. Fm and Fm' was the maximal fluorescence
intensity by applying the saturated pulse illumination
(SP; 15,000 pmol photons m~2s~!, 300 ms of the dura-
tion) under dark and AL, respectively. Fo and Fs were the
stationary levels of the chlorophyll fluorescence under
dark and AL, respectively. Using Y(II), we calculated
the electron transport rate at PSII (ETRII) as follows;
ETRII=Y(I) X o X PPFD. « is the deviation ratio of the
light energy to PSII. We assumed the equal distribution
of the light energy to two photosystems, and 0.45 was
used for a value. PPFD is the photosynthetic photon flux
density.

We also conducted A-Ci analysis measuring the chlo-
rophyll fluorescence and P700" absorption changes at
830 nm in WT, pgr5"P¢! and paal-7/poxl by Dual-
PAM instrument. The photosynthetic parameters for the
electron transport reaction at PSI were obtained as fol-
lows; the maximal photo-oxidizable P700, Pm; the photo-
oxidizable P700 under AL, Y(I) = Pm’'/Pm; the existence
ratio of oxidized P700, Y(ND) = P/Pm; the non-photo
oxidizable and not oxidized P700, Y(NA)=(Pm — Pm")/
Pm. Pm and Pm’ are the maximal absorbance changes
induced by applying SP under dark and AL, respectively,
and P is the stationary levels of the P700" absorbance
signal under actinic light.

@ Springer
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tion/oxidation states of P700 (blue symbols), plastocyanin (PC) (red
symbols), and ferredoxin (Fd) (green symbols) were shown with SD
(thin colored lines of each component). The maximal redox changes
of P700, PC, and Fd were determined as shown in Supplemental Fig-
ure S4 and S5, and each signal was normalized by those values. The
number of biological replicates is 6 and each signal was obtained by
averaging 6 sets of measurements

Gas exchange analysis

Gas exchange analysis was carried out by LI-7000 (LI-COR,
Lincoln, USA). The changes of the partial pressure of CO,
and H,O in the 3010-Dual gas exchange chamber (Heinz
Walz, Effeltrich, Germany) were measured. In the meas-
uring chamber, the ambient air was saturated with water
vapor at 16+0.1 °C and the temperature was maintained at
25+0.5 °C (55-60% of the relative humidity). We measured
the respiration rate (Rd), assumed to be constant regardless
of the supply of the light, and the CO, absorption rate (A).
We assumed the net CO, assimilation rate as A +Rd.

Isolation of the thylakoid membrane from wheat
leaves

A raw leaf blade (SPAD > 40) from the top of the wheat
plants was sampled and scanned by an image scanner. The
analysis of the images was conducted by Image J (ver.1.53).
The leaf samples were homogenized in 50 mM sodium
phosphate buffer (pH 7.2) containing 120 mM 2-mercap-
toethanol, 1 mM iodoacetic acid, and 5% (v/v) glycerol at
a leaf: buffer ratio of 1: 9 (g mL™") in a chilled mortar and
pestle. 50 uL of the suspension was used for the determina-
tion of the chlorophyll content. Absorbance changes at 720,
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663, and 645 nm were measured to calculate the chlorophyll
content by the Arnon method. The rest of the homogenate
was centrifuged at 14,000 rpm for 10 min at 4 °C. The pellet
was resuspended well in 1 mL of the homogenizing buffer
(0.4 M sucrose, 2 mM MgCl,-6H,0, 10 mM NaCl, 50 mM
HEPES, pH was adjusted to 7.5 by KOH) containing 1 mM
ascorbate. The homogenate was applied to 1 mL of percoll
solution (40% (v/v) percoll, 50 mM HEPES, 0.53 M sorbi-
tol, 1 mM MgCl,-6H,0, 2 mM EDTA-Na, 10 mM NaCl,
1 mM MnCl,, and pH was adjusted to 7.6 by KOH) and
centrifuged at 14,000 rpm for 10 min at 4 °C. The fraction
of the thylakoid membrane was extracted and resuspended
in the homogenized buffer without ascorbate after washing
by the same buffer. The chlorophyll content of this solution
was also measured by the same method above.

Determination of the amount of P700 in leaves

The solution of the isolated thylakoid was applied to the
measuring cell with 20 umol methyl-viologen, adjusting
the chlorophyll concentration to 40 ug mL~!. The absorb-
ance changes of the two dual-wavelengths (820-870 nm and
870-965 nm) were measured using Dual-KLAS/NIR. The
maximal absorbance changes of these two dual-wavelengths
were obtained by applying ST illumination under the 10 s
of FR illumination. The maximal absorbance changes of
820-870 nm (AAg,_g70) and 870-965 nm (AAg;y_g65) Were
calculated to determine the concentrations of P700 and PC
as follows;

[ [PC] ]: [ €pC(820-870)
[P700] €p700(820—-870)EP700(820—965)

1 mM iodoacetic acid, and 5% (v/v) glycerol at a leaf: buffer
ratio of 1: 5 (g mL™") in a chilled mortar and pestle. The
suspensions were centrifuged at 13,000 rpm for 10 min and
the supernatants were mixed with the same amount of the
SDS buffer containing 200 mM Tris—HCI (pH 8.5), 2% (w/v)
SDS, 20% (v/v) glycerol, and 5% (v/v) 2-mercaptoethanol.
The solution was boiled for 3 min, and 10 pL of the protein
samples were loaded onto the precast gels with Tris—gly-
cine buffer containing 250 uM Tris, 1.92 mM glycine, and
0.1% (w/v) SDS. Proteins were blotted onto a polyvinylidene
difluoride membrane. After the blotting, the membrane
was washed three times by the blocking buffer, containing
10 mM sodium-phosphorus solution (pH 7.2), 0.9% (w/v)
NaCl, 0.05% (v/v) Tween-20, and 0.5% (w/v) skim-milk, and
incubated by the primary antibody solution (blocking buffer
with 0.05% NaN, and 4,000-fold diluted anti-PC antibody
solution) overnight at 25 °C. After the incubation in the sec-
ondary antibody solution (blocking buffer with 20,000-fold
diluted anti-antibody solution) for 1 h, the PC was detected
using the enhanced chemiluminescence substrate from
Thermo fisher scientific (Massachusetts, USA). The images
of the gels were analyzed by Image J (ver. 1.53) and the
intensities of PC bands on the leaf area basis were compared
between wild-type and paal-7/pox] mutants.

Statistical analysis

The statistical analysis of the corresponding data in Figs. 3,
4, and Figs. S3 and S5 (Welch’s ¢ test) was performed using

-1
€p(C(820-965) ] [ log(e) X AAgyo_g70
log (€) X AAgyp_g65

e is the molecular extinction coefficient and 0.44 for
€pc(820-870) 7-33 TOT €pc(g20 965y 1.34 for €prng(320-870)> and
10.3 for epy9820-965) Were used as previously described
(Kirchhoff et al. 2004; Klughammer and Schreiber 1991;
Oja et al. 2003; Rott et al. 2011). Minus one in the super-
script of the matrix shows the inverse matrix of the shown
matrix. AAg,, 965 Was calculated as the sum of AAg,; g7
and AAg;q g6s- The amount of the P700 was calculated on
a leaf-area basis.

Western blot

Western blot analysis was carried out using the antibody
against plastocyanin purchased from Agrisera (Véinnis, Swe-
den). Leaf samples (approximately 10 cm? leaf section) were
derived from the 5 week-old A. thaliana wild-type and paal-
7/poxI mutants grown in the condition described above. The
leaf samples were homogenized in 50 mM sodium phosphate
buffer (pH 7.2) containing 120 mM 2-mercaptoethanol,

the commercial Microsoft Excel for Mac (ver. 16.16.27).
The number of biological replicates was 4—6.

Results

The kinetics of oxidized P700 while the saturated
pulse illumination differs depending
on the oxidation levels of PC

To examine whether Y(I) correctly reflects the quantum
yield of PSI or not, we carried out the following treatments
according to the method described in Furutani et al. (2020a),
using A. thaliana wild-type (Fig. 1). I, the first estimation of
Y(I) by applying SP (10,000 umol photons m~2 s~!, 300 ms
duration) was carried out under dark at 5 s; II, far-red light
illumination (740 nm) for 10 s and single turnover flash
(50 ps) was applied; I11, 3 s after the ST flash, where almost
all of P700" returned to the ground state while PC was still
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oxidized, the second estimation of Y(I) by SP illumina-
tion was carried out; IV, the third estimation of Y(I) was
conducted under dark at 35 s, where all electron carriers
returned to the same state as the dark-adapted state.

During the first SP illumination under the dark-adapted
state, the oxidation kinetics of P700 within 10 ms is divided
into two phases (Fig. 2d). In the fast phases (~2 ms), the
charge separation of P700 occurred extracting the electrons
from PC and Cyt f. The charge separation of P700 occurred
more rapidly than the donation of electrons from the donor
side, resulting in the oxidation of P700 to nearly 60%. In the
slow phases, P700 was slowly oxidized and showed the peak
(70-75% oxidized) around 10 ms (Fig. 2d). This retarded
oxidation of P700 showed that the photo-reduction/oxidation
cycle of P700 was driving even within a few milliseconds
during the SP illumination. After the peak at 10 ms, the ratio

of P700" decreased sharply and reached nearly zero within
100 ms (Fig. 2a). This drastic decrease of P700% starting
at 10 ms after the SP application was due to the flood of
electrons from PSII while photo-activation of FNR did
not occur and therefore the acceptor side of PSI could not
release electrons downstream. The time scale of the reduc-
tion of P700" roughly corresponded to the half-time of the
oxidation of PQH, by Cyt bsf complex (10-20 ms) (Hope
1993). Following the previous method for estimating Y(I),
the Y(I) in this situation would be 0.7-0.8 which roughly
corresponded to the Fv/Fm value (=0.782 +0.006; n=6)
(Fig. 3). PC was rapidly oxidized to 90%within 2 ms during
the SP illumination (Fig. 2d). After the peak around 2—-3 ms,
PC was slightly reduced but kept oxidized to 10 ms. In this
phase, PC would have donated electrons to P700 as soon
as it extracted electrons from Cyt f, resulting in the stable

Fig.2 The kinetics of the a d

oxidized P700 (P700™; blue 100 100 T
symbols), oxidized plasto- M
cyanin (PC*; red symbols) and /.‘\
reduced ferredoxin (Fd™; green 50 50

symbols) with SD (thin colored

lines of each component) in

wild-type A. thaliana during 0
the first (a, d), second (b, €) and

third (c, f) saturated pulse (SP)

applications. SP illumination -50
(10,000 umol photons m~2 s~")

was applied from 0 to 300 ms.

The gray dashed lines in the -100

panel d—f showed 0 ms, 2 ms, b

-100 -

and 10 ms from the SP applica-
tion, respectively. The maximal
redox changes of P700, PC, and
Fd were determined as shown in
Figs. S4 and S5, and each signal
was normalized by those values.
The number of biological rep-
licates is 6 and each signal was
obtained by averaging 6 sets of
measurements
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Fig.3 The maximal photo-oxidizable P700 by three saturated pulse
(SP) illuminations (=Y (I)) in wild-type (black), pgr5"®¢! (blue), and
paal-7/poxI (red) and the oxidation levels of PC (orange) just before
the second SP applications are shown. Y(I) was determined as the
peak values of P700" during SP illumination. Data are shown as aver-
age values with SD. The maximal redox changes of P700, PC, and
Fd were determined as shown in Figs. S4 and S5, and each signal

oxidation levels of PC around 90%. After the 10 ms from
SP application, PC was also rapidly fully reduced within
100 ms as P700 (Fig. 2a). Fd was rapidly reduced by the
SP illumination and showed the first peak at 2 ms (65-70%
reduced) (Fig. 2d). This rapid reduction of Fd is likely due
to the electron transport from PSI. After that, the reduction
level of Fd was maintained from 2 to 10 ms (Fig. 2d). This
means that the retarded electron donation from PSI to Fd
by the photo-reduction/oxidation cycle of P700 was almost
equal to the electron flow from Fd to FNR, thioredoxin, or
O,. Afterward, Fd was reduced to 100% in 100 ms, which
corresponded to the time scale of the decrease of P7007"
(Fig. 2a). Therefore, electrons produced at PSII flowed into
Fd via PSI and accumulated in Fd-pool mainly because of
the inactivated FNR under the dark situation. In the third
application of SP illumination, the same kinetics as the first
SP application was obtained (Fig. 2c, ).

3 s after FR and ST illumination, most of P700% returned
to the ground state (5% left) while 45-55% of PC was still
oxidized (Fig. 2b, e). In this situation, P700 was rapidly
oxidized to nearly 100% within the first 2 ms during SP
illumination (Fig. 2e). This was due to the lack of elec-
trons in the donor side of PSI (PC and Cyt f) by the pre-
illumination of FR light. Since P700 was oxidized to 60%
in the same time-scale under dark-adapted states, the effects
of the electron-donation from PC on the kinetics of P700"
could not be ignored even within 2 ms from the SP appli-
cation. Moreover, the sharp decrease of P700" after 10 ms
was relieved. It took 200 ms for P700" to reach nearly 0%,

paai-7/pox1
B 1stsP M 2ndsP [ 3rd SP

100

80

60 |

PC* (%)

40

20 |

s 4
§

was normalized by those values. The oxidation levels of paal-7/poxI
mutants are not shown because the maximal photo-oxidizable PC was
not detectable. The asterisks indicate that it was statistically different
(p<0.01) when compared to the value in the first estimation of Y(I)
in each phenotype. The number of biological replicates is 6 and each
signal was obtained by averaging 6 sets of measurements

while it took half the time when PC was fully reduced (first/
third SP illumination) (Fig. 2a, b). Following the SP-method,
Y(I) in this situation was 0.9-0.95 which was significantly
higher than that in the first SP application (Fig. 3). However,
the SP-induced reduction of Fd, especially the initial peak
of Fd™, showed no difference between the first and second
SP applications (Figs. 2e, 4b). Further, the reduction of Fd
was suppressed during 5-50 ms of the SP illumination when
compared to the reduction kinetics of Fd by the first SP illu-
mination (p <0.05). The oxidation of Fd during 2—10 ms
clearly showed that electron donation to Fd from PSI was
severely suppressed because of the lack of the electron donor
of PSI, reduced PC and reduced Cyt f. In other words, the
limitation of the electron donation to PSI also contributed to
the suppression of the reduction of the Fe-S cluster compo-
nents located in PSI, as well as the oxidation of P700. These
results suggest that Y(I) value can be easily misestimated
depending on the oxidation level of PC.

The kinetics of oxidized P700 while the saturated
pulse illumination in the P700-oxidation mutants

It was previously reported that in the mutants lacking proton
gradient regulation 5 (PGRS), Y(I) showed a closer/lower
value when compared to Y(II) than in WT (Kono et al. 2014;
Yamori et al. 2016). Therefore, it has been considered that
PGRS5 is related to the extra electron flow at PSI observed
in WT plants (Kono et al. 2014; Kono and Terashima 2016;
Yamori et al. 2016). Previously, another PGRS5-deficient
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mutant (pgr5"°P¢’) was isolated, which showed retarded deg-
radation of chlorophyll fluorescence in photosynthetic induc-
tion phases under 2 kPa O,/ 40 Pa CO, condition (Wada
et al. 2021). In pgr5"°?¢! mutants, P700 cannot be oxidized
under actinic light (especially high-light intensity regions),
which is the same phenotype as pgr5-1 mutants reported in
Munekage et al. (2002). It was reported that in the mutants
lacking PGRS, there were some malfunctions in “photosyn-
thetic control” system which contributes to the downregula-
tion of the electron flux to PSI resulting in the oxidation of
P700 (Fig. S1) (Suorsa et al. 2012, 2013, 2016; Tikkanen
etal. 2012, 2015). Moreover, we isolated another P700-oxi-
dation mutant from ethyl methane sulfonate (EMS) treated
A. thaliana, paal-7/pox1, which showed the slow reduction
of P700* during SP illumination in the darkness (Fig. S2).
In paal-7/pox] mutants, there is a single nucleotide sub-
stitution in the DNA sequence coding the Cu-transporting
P-type ATPase (PAA1) which is located at the chloroplastic
envelope, resulting in the nonsense mutation (Fig. S2). As
previously reported in Shikanai et al. (2003), in the mutants
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defective in PAA1, the amount of PC, for which Cu is essen-
tial to function, was significantly decreased (Figs. S2-S4)
and showed high oxidation levels of P700 under actinic light
(Fig. S1). Using these two mutants related to the oxidation of
P700, we estimated Y(I) by the same method above.

In the pgr5"°P¢! mutants, there was no significant differ-
ence in the kinetics of the three electron carriers during SP
illumination when compared to WT (Fig. 4c, d). As observed
in WT, the increase of P700 by SP illumination was divided
into fast (~2 ms) and slow (2 ms~) phases in the first and
third Y (I)-estimation while P700" reached almost 100% in
a few milliseconds at the second estimation of Y(I) when
PC was oxidized (Fig. 4c). The Y(I) values were estimated
to be 0.7-0.8 for dark-adapted state (first/third SP) and 0.95
for PC-oxidized situation (second SP) (Fig. 3). Moreover,
pgrP¢! also showed similar kinetics of the reduction of Fd
during each SP illumination as WT (Fig. 4d, Fig. S6). The
transient oxidation of Fd observed in 2-10 ms during SP
illumination was also enhanced by PC oxidation (Fig. 4d).
These results mean that also in pgr5"°P¢!| Y(I) value could
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be overestimated for the same reasons as WT. However,
pgr5"P¢l is defective in the limiting system of electron flow
at the donor side of PSI under AL, as previously reported in
pgr5-1 mutants (Suorsa et al. 2012). Therefore, Y(I) values
under AL, especially in CO, limited or high light intensity
conditions, would be less affected by the donor side limita-
tion of the electron flow than in WT.

In paal-7/pox1, the amount of photo-oxidizable PC was
almost zero (Fig. S4). Therefore, it was estimated that the
electron flow from PC to PSI was severely suppressed. In
paal-7/pox] mutants, P700" was rapidly oxidized to nearly
100% at 1-2 ms of SP illumination regardless of the timing
of the SP application (Fig. 4e). Concerning the reduction
kinetics of Fd, there was no significant difference among
the three SP applications (Fig. 4f). Fd was rapidly reduced
to 40-60% of the total amount within 2 ms of SP illumina-
tion. The transient Fd oxidation was prolonged to 30—40 ms
while those of WT and pgr5"?*! in second SP illuminations
were observed in 2-10 ms (Fig. 4b, d). This result strongly
supported the suggestion that the transient Fd oxidation
was caused by the retarded electron supply from PSI. After
20 ms from the SP application, Fd was slowly reduced to
100% in 300 ms, whose kinetics were corresponding to that
of the reduction of P700 (Fig. S4). This slow reduction of
the two components was due to the lack of PC, resulting in
the strong suppression of the electron donation to PSI. This
result also suggests that the limitation of electron flow at the
donor side of PSI leads to the rapid oxidation of P700 by SP
illumination, which would cause the overestimation of Y (I).

Dark-interval relaxation kinetics (DIRK) analysis
to estimate the electron flux at PSI

We observed the uncertain Y (I) values obtained by SP appli-
cation for quantitative usage (Figs. 2, 3, 4). Next, we verified
another method for the estimation of the electron flux at
PSI in wheat leaves by evaluating the turnover rate of P700
under steady-state photosynthesis. Sacksteder and Kramer
(2000) proposed the less invasive method for the estima-
tion of the electron flux, dark-interval relaxation kinetics
(DIRK) analysis. In the DIRK method, a short dark interval
(100—400 ms) was applied. Assuming the one-way electron
transportation, the initial redox changes of P700 by apply-
ing a dark-interval would be determined by the two compo-
nents; the charge separation of the residue of P700* under
the AL and the electron flux from PC to P700" under the
AL. In this research, it was assumed that the existence prob-
ability of P700* under the actinic light did not influence
the initial reduction of P700*. The existence possibility of
P700* has been evaluated as the parameter of Y(NA), or the
non-photo-oxidizable P700 by SP illumination. Consider-
ing that Y(I) values were easily misestimated, Y(NA) value
would also be an unreliable parameter, because Y(NA) is

calculated as [1 — Y(I) — Y(ND)]. Therefore, we cannot
evaluate the existence probability of P700*. Moreover, the
electron donation to the acceptor side of PSI occurs in pico
or nano-second order (Vassiliev et al. 2001) while the acqui-
sition point of the equipment was 100 ps per 1 plot (Figs. 5,
6). Therefore, it could be considered that the initial reduc-
tion rate of P700* (vP700) would correspond to the electron
transport rate at PSI under the steady-state photosynthesis.
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Fig.5 a The initial reduction kinetics of oxidized P700 during the
short dark interval (400 ms of duration) changing the ambient par-
tial pressure of CO, (pCO,; 40, 30, 20, 10, 5 Pa, approximately) in
wheat leaves (T. aestivum cv. Norin 61). The intensity of actinic light
(AL) was 1,850 umol photons m~2 s~!, The kinetics 5 ms before and
10 ms after the dark application were shown. Data plots and the error
bars show the means +SD (n=3). b The comparison of the turnover
rates of P700 in each pCO, estimated from the DIRK analysis and
the electron transport rate at PSII [(ETR(II)) measured by chlorophyll
fluorescence. The turnover rate of P700 was calculated by multiplying
the relative initial reduction rate and the P700 contents in leaves (see
“Materials and methods”). The black broken line shows the 1: 1 line
of the turnover rate of P700: ETR(II). The blue broken line was arbi-
trarily drawn to show the trend of the data. The number of biological
replicates is 3 and each signal was obtained by averaging 60 sets of
dark-interval application
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Fig.6 The simplified model of photosynthetic electron reaction from
plastoquinone-pool to the acceptor side of PSI. The reaction rate of
the Q-cycle was defined as vQ.yce. The reduction of oxidized PC
(PC") by Cyt f was determined by the rate constant of kpgp, and the
reverse reaction (oxidation of PC by Cyt f *) was determined by kgp-
The reduction of P700* by PC was defined by kppp and the reverse

In Fig. 5a, we showed the reduction kinetics of P700* under
the different ambient partial pressure of CO, (pCO,) from
40 to 5 Pa obtained by Dual-KLAS/NIR. We observed few
differences in the initial reduction rate of P700 among the
different pCO, (Fig. 5a), while the oxidation levels of P700
showed a variation from 30 to 60% (Data not shown). We
measured the amount of the P700 content in the leaves after
the measurements and calculated the turnover rate of P700
(vP700). Interestingly, vP700 was significantly lower than
electron transport rate at PSII (Fig. 5b). This result indicated
that the equilibrium reaction between P700 and PC cannot
be ignored. Furthermore, the evaluations of the electron
flux in PSI, as Y(I) and/or the turnover rate of P700, do not
reflect the electron flux at PSI.

Discussion

In the present research, it turned out that the Y(I) value was
easily misread depending on the oxidation levels at the donor
side of PSI (Fig. 3). Even under the dark situation, where
it was not necessary to consider any complicated regula-
tions of the photosynthetic electron transport reactions and
the capacity of the electron consumption by the CBB cycle,
Y (I) showed different values in the range of 0.1-0.2 depend-
ing on the capacities of the electron donation to PSI at the
upstream side of PSI. Even in pgr5"°P¢!, which showed much
lower values of Y(I) than that of Y(II) (Fig. S1), the kinetics
of P700* during the SP illumination was significantly dif-
ferent between the dark and PC-oxidized conditions. This
result suggested that the lowered Y(I) value in pgr5tore!
under the steady-state photosynthesis would be caused by
the malfunction of the regulation system of the electron flow
at the donor side of PSI. Previously, Y(I) has been treated
as the existence probability of the ground state of P700, or
the effective quantum yield of PSI, just as Y(II). However,
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reaction was by kgpp. It was reported that the half time of the oxida-
tion of PQH, by Cyt byf complex was 10-20 ms, which was the slow-
est in the photosynthetic reduction/oxidation reactions. The half time
of the electron transport reaction from P700 to Fd via A, A, F,/Fg,
and Fy is fast enough to be ignored

since the Y (I) value could be easily misestimated even under
dark situations, it is suspicious that Y(I) can be treated as the
quantitative parameter as Y (II), although situations are more
complicated under AL where the electron consumption by
CBB cycle and regulations of electron flow affect the kinet-
ics of the P700% during the SP illumination. Importantly,
even within a few milliseconds of the SP illumination, the
P700 photo-reduction/oxidation cycle is driving to reach
another steady-state under the light intensity of SP illumi-
nation. Therefore, the kinetics of P700* by SP application is
always determined by the balance between the influx from
the donor side of PSI and the outflux to the acceptor side of
PSI. Further, Y(NA), calculated as 1 — Y(I) — Y(ND), also
could be said not to be a quantitative parameter. Both Y(I)
and Y(NA) are obtained by applying the SP illumination.
Therefore, these two parameters depend on the balance of
the influx and outflux in PSI under the light intensity of SP
illumination, and do not reflect the state of the P700 photo-
redox cycle under the steady-state photosynthesis. This
suggestion was strongly supported by the fact that Y(NA)
showed higher values in low light intensity conditions than
in high light intensity (Fig. S1). It can be estimated that
the excessive Y(I) compared to Y(II) observed in the low
pCO, and the high light intensity conditions is caused by the
enhanced donor side limitation of the electron flow caused
by the photosynthetic control, RISE, or other undiscovered
mechanisms.

Although it is hard to utilize Y(I) and Y(NA) as quantita-
tive parameters, it would be possible to use them as qualita-
tive parameters. For example, oxidation of P700 does not
occur in two situations. One is where the regulation of the
electron flow does not function because the electron trans-
port reaction is the rate-limiting step such as low light inten-
sity, high CO, conditions. The other is where photosynthe-
sis proceeds with a strong limitation at the acceptor side of
PSI, such as low CO, and O,, and some kinds of nutrition
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deficient conditions. In the former situations, the Y (I) values
are high while Y(NA) is low, and vice versa in the latter
situations. It is useful to estimate whether the mutants or
wild-type plants exposed to treatments would be influenced
on the acceptor side or the donor side of PSI. Previously, it
was reported that essential nutrient deficiencies influence
the photosynthetic parameters including Y(I) and Y(NA) in
sunflower plants (Ohnishi et al. 2021), which indicated the
usage of these parameters as the bio-marker. Even in such
cases, it is important to keep in mind that these parameters
are determined by the balance of the influx and outflux of
the electrons through P700 photo-redox cycle under the SP
illumination.

It is hard to estimate the electron flux at PSI by applying
SP illumination. We verified another method, DIRK analysis
for the evaluation of the electron flux at PSI (Fig. 5). How-
ever, the turnover rate of P700 estimated from the combi-
nation of the DIRK analysis and quantitative analysis was
significantly smaller when compared to the electron flux at
PSII estimated from the chlorophyll fluorescence analysis
(Fig. 5). This result suggested that the equilibrium reaction
among the electron carriers could not be ignored in vivo. In
Sacksteder and Kramer (2000), the authors constructed the
photosynthetic electron flow model including the equilib-
rium reaction among Cyt f, PC, and P700. They performed
the “summation method” for estimating the electron flux,
literally summarizing the initial redox change rate of P700
(vP700), PC (vPC), and Cyt f (vCyt f) by DIRK analysis.
Taking the reverse reactions among three carriers into
account, the initial redox change rates of each component
by dark-interval were determined as follows (Fig. 6);

VP700 = kppp[P700%|[PC] — kgpp[P700][PC”| (1)

VPC = kyp |Cytf]| [PC*| —kgp [Cytf*] [PC]

—kppp|P700*|[PC] + kgpp[P700][PC*] @

VeV = VQeyere = kpyp [CYH] [PCT] + kg [Cytf*][PC]
3
kg, and kg, are the rate constants of the forward and reverse
reactions, respectively. kypp and kygp are the rate constants of
the reactions between PC—P700 and Cyt f~PC, respectively.
VQ,ycl i the reaction rate of Q-cycle at Cyt bf complex.
Therefore, the sum of the Egs. 1, 2 and 3 is below.

v(P700 + PC + Cytf) = vQ.yce )

Considering that the oxidation of PQH, by Cyt b4f
(Q-cycle) is the rate-determining step of the electron trans-
port reaction (¢, = 10-20 ms), it could be said that the rate
of Q-cycle is equal to the whole electron transport rate.
It was reported in Sacksteder and Kramer (2000) that the

ratio of the sum of the initial redox change rates of P700,
PC, and Cyt fto the net CO, assimilation rates in the non-
photorespiratory condition (2 kPa O,) was 4.8 (e7/CO,)
in tobacco leaves.

It is still uncertain whether the reverse reactions
occurred in the steady-state of photosynthesis under AL
or not. However, it is also hard to evaluate the electron
transport rate at PST under AL from the turnover rate of
the P700 by applying the dark interval. From the relatively
slow exponential kinetic of P700% in the dark interval, it
could be estimated that the contribution of charge recom-
bination to electron flux in PSI would be small, consider-
ing the rapid half time of the charge recombination in PSI
(30 ns for Ay, 20 ps for A, and 0.5-2 ms for Fx). There-
fore, it would be difficult to conclude how electron flows
at PSI from the kinetics of P700" when an SP illumination
or a dark interval is applied.
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