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Abstract: The molecular entity that catalyzes ferredoxin (Fd)-dependent cyclic electron flow around
photosystem I (PSI) (Fd-CEF) remains unknown. To elucidate the in vivo molecular mechanism of Fd-CEF, the
evaluation of Fd reduction-oxidation kinetics is a good indicator of Fd-CEF activity. Recent research showed
that the expression of Fd-CEF activity requires the oxidation of plastoquinone, and furthermore, chloroplast
NAD(P)H dehydrogenase does not catalyze Fd-CEF in Arabidopsis thaliana. In the present research, the effect
of reduced Fd on Fd-CEF activity was analyzed by comparing wild-type and pgr5-deficient mutants (pgrbhopel).
PGR5 has been proposed to be the mediator of Fd-CEF, and pgrShopel showed the same CO2 assimilation rate
and the same reduction—oxidation level of PQ as WT, but P700 oxidation with Fd was highly reduced, unlike
WT. As expected, the activity of Fd-CEF was enhanced in pgr5hopel compared to the wild type, and its activity
was also enhanced with the oxidation of PQ by the increase in the CO2 assimilation rate. The present in vivo
research clearly shows that the expression of Fd-CEF activity requires reduced Fd in addition to oxidized PQ,
and PGRS5 does not catalyze Fd-CEF

Keywords: cyclic electron flow; ferredoxin; NADH dehydrogenase; pgr5; photosynthesis; photosystem I

1. Introduction

In oxygenic photosynthesis, the photon energy absorbed by the light-harvesting systems of both
photosystem II (PSII) and photosystem I (PSI) of the photosynthetic electron transport system excites
the reaction center chlorophylls, P680 in PSII and P700 in PSI. The excitation of both reaction center
chlorophylls starts their catalytic reactions of electron flow from oxidation to reduction: H20
oxidation with Oz evolution to plastoquinone (PQ) reduction in PSII and PQ oxidation through
cytochrome (Cyt) bs/f and plastocyanin to the reduction of ferredoxin (Fd) through electron transport
carriers, including phylloquinone, Fx, and Fa/Fs in PSI. The reduced Fd delivers electrons mainly to
NADPH production catalyzed by Fd-NADP oxidoreductase. Simultaneously, with the
photosynthetic linear electron flow from H:O to NADPH, protons accumulate in the lumen of
thylakoid membranes, forming ApH across thylakoid membranes. These accumulated protons
originate from water oxidation in PSII and transport from the stroma to the lumen by the Q-cycle
during PQ oxidation in the cytochrome bs/f complex. The ApH, as a proton motive force, drives ATP
synthase to produce ATP. These energy compounds, the reduced Fd, NADPH, and ATP produced
in the light reaction, drive the dark reactions of CO: assimilation and photorespiration in C3 plants.

The photosynthetic linear electron flow is potentially exposed to the threat of the production of
reactive oxygen species (ROS). The supply rate of NADPH to ATP produced in the photosynthetic
linear electron flow is larger than the consumption rate of NADPH to ATP in the dark reaction even
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in non-photorespiratory conditions [1-3]. The excess supply of NADPH by the photosynthetic linear
electron flow is further enhanced under photorespiratory conditions because much more ATP is
consumed in dark reactions [2]. Furthermore, as CO: assimilation is stimulated by photosynthetic
linear electron flow, the excess NADPH supply is further enhanced. That is, the photosynthetic linear
electron flow, which is the only flow to provide electrons for NADPH production in photosynthesis,
accumulates NADPH and fulfills electrons in the photosynthetic electron transport system. The
accumulation of electrons in PSI is observed as the reduction of electrons carried at the acceptor side
of PSI; the Fe/S-series, Fx, Fa/Fs and Fd, triggers Oz reduction to produce Oz, and Oz degrades Fe/S
compounds and inactivates PSI [4].

The mismatch issue that the supply rate of NADPH surpasses its demand rate, which is brought
by the photosynthetic linear electron flow, is solved by the cyclic electron flow around PSI [1]. The
cyclic electron flow induces ApH across thylakoid membranes and produces ATP without any
production of electrons for NADPH supply. Rather, the cyclic electron flow stimulates the
consumption of NADPH and contributes to the activation of the dark reaction. That is, the cyclic
electron flow around PSI has the potential to alleviate the threat of photosynthetic linear electron
flow.

The potential threat of the photosynthetic linear electron flow thus far has not been explored,
and the physiological function of the cyclic electron flow around PSI has not been examined from the
aspect of oxidative stress. Of course, CO: assimilation could proceed at an ATP supply-limited rate
even under photorespiratory conditions unless NADPH accumulates. Since the accumulation of
electrons at the acceptor side of PSI, observed as the reduction of the electron carriers, Fe/S-clusters,
causes ROS production [4], the accumulation of NADPH should be alleviated, which would be why
the cyclic electron flow around PSI functions. The cyclic electron flow would promote the
consumption of NADPH by supplying ATP in the dark reaction.

A molecular mechanism catalyzing Fd-CEF, Fd-quinone oxidoreductase (FQR), has been
proposed: both chloroplast NAD(P)H dehydrogenase (NDH) and PGR5/PGRL1 function in Fd-CEF
[5-11]. In vivo, the activity of Fd-CEF has been shown as the excess quantum yield of PSI against the
apparent quantum yield of PSII [Y(II)] [2, 11-14]. The apparent quantum yield of PSI [Y(I)] becomes
excessive against Y(II) with oxidized P700 [15]. However, these observations were artifacts [15]. The
value of Y(I) was measured by the saturation-pulse illumination method [16]. The saturation-pulse
illumination under actinic light illumination excites the ground state of P700 to oxidized P700 (P700*)
through light-excited P700 (P700%), and the ratio of induced P700* to total P700 has been estimated as
Y(I). The amount of P700* induced by saturation-pulse illumination depends on the rate-determining
step of the P700 photooxidation reduction cycle in PSI [15]. In the P700 photooxidation reduction
cycle, P700* is oxidized to P700* by donating electrons to the electron acceptors Ao, A1, Fx, and
Fa/Fs sequentially to Fd. P700* is reduced to the ground state of P700 by electrons from PSII through
PQ, the Cyt bs/f complex, and plastocyanin (PC). If the reduction of P700* in the cycle was the rate-
determining step, in which oxidized P700 accumulated under actinic light illumination, the amount
of the ground state of P700 was overestimated by the saturation-pulse illumination method [15]. On
the other hand, if the oxidation of P700* in the cycle was the rate-determining step, the amount of the
ground state of P700 was underestimated by the saturation-pulse illumination method [16]. It is too
difficult to estimate the true Y(I) when evaluating Fd-CEF activity [15].

Furthermore, the ability of electron donation from the reduced Fd to the oxidized PQ through
FQR has been evaluated using the isolated thylakoid membrane [7, 17, 18]. The addition of
Fd/NADPH to the thylakoid membrane increased the minimal yield of Chl fluorescence, and PQ was
reduced by the reduced Fd. The rate of increase in the minimal yield of Chl fluorescence was treated
as the activity of FQR. However, the reduced Fd donates electrons to PSII, not PQ [19]. Furthermore,
the reduced Fd donates electrons to Cyt bsso, which is inhibited by antimycin A [17]. The effect of
antimycin A also inhibits Fd-dependent quenching of 9-aminoacridine fluorescence, which is driven
by far-red light illumination [17]. The quenching of 9-aminoacridine fluorescence shows ApH
formation across the thylakoid membrane. Far-red-driven quenching has been considered to be
induced by Fd-CEF activity. However, as described above, electron donation from the reduced Fd to
PSII could also induce the quenching of 9-aminoacridine fluorescence by maintaining the
photosynthetic linear electron flow.
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As described above, no credible methods have been available to detect and evaluate Fd-CEF
activity, that is, FQR activity. To elucidate the physiological function of Fd-CEF, an assay system
capable of measuring Fd-CEF in vivo was needed. In the present research, we monitored the redox
reaction of Fd simultaneously with Chl fluorescence, P700* and PC* absorbance changes, and net
CO: assimilation using intact leaves of Arabidopsis thaliana. We have already succeeded in measuring
electron flux in Fd-CEF in Arabidopsis thaliana [20]. The oxidation rate of the reduced Fd, not related
to the photosynthetic linear electron flow, that is, the extra oxidation rate of Fd, was defined as the
electron flux in Fd-CEF, vCEF. vCEF is regulated by the reduction-oxidation state of PQ. As PQ is
oxidized with enhanced CO: assimilation, vCEF increases [20]. These characteristics follow the model
of cyclic electron flow [1]. This would be one of the reasons why we were unable to detect the extra
Fd oxidation reaction [20-22]. Under limited photosynthesis, where PQ was highly reduced and the
apparent quantum yield of PSII was low, the extra Fd oxidation reaction was suppressed in vivo. We
proposed that the extra Fd oxidation reaction reflects the activity of Fd-CEF.

Surprisingly, the NDH-less mutant (crr4) of Arabidopsis thaliana showed almost the same Fd-CEF
activity as the wild type (WT) in vivo [20]. In the present research, we comparatively analyzed the
activity of Fd-CEF in a PGR5-less mutant (pgr5"<?) of Arabidopsis thaliana. We used the mutant pgr5oel,
not pgr5. pgrd is a double mutant that is deficient in both pgr5 and ptpl (At2G17240) [23]. Due to the
loss of ptp1, the CO:z assimilation rate was significantly lower than that of WT Arabidopsis thaliana. The
Arabidopsis thaliana mutant deficient in pgrl1, which also shows the loss of PGR5 protein, shows the
same CO: assimilation rate as WT [24]. To elucidate the physiological function of PGRS5, either the
pgr5tore or pgrll mutant should be used. Unless Fd-CEF functions, the CO2 assimilation rate should
not be maintained in pgr5™rl. However, pgr5' ! shows the same rate of CO: assimilation and
photosynthetic linear electron flux as WT [4, 23]. These facts also showed that pgr5"»! does not
function as a mediator of Fd-CEF. On the other hand, pgr5"» showed a higher reduced state of Fd
than WT [4]. This is due to the suppressed oxidation of P700 in PSI [4]. That is, if Fd-CEF activity, as
defined in a previous report [20], required reduced Fd, pgr5"»? would show increased Fd-CEF
activity. As expected, pgr5"r! showed higher Fd-CEF activity than WT. We discuss the molecular
mechanisms and physiological functions of Fd-CEF in vivo.

doi:10.20944/preprints202401.1303.v1
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2. Results

Both the gross CO: assimilation rate and the apparent quantum yield of PSII [Y(II)] were plotted
against the intercellular partial pressures of CO: (Ci) (Figure 1). These two parameters showed the
same dependencies on Ci in both WT and pgr5tor.

=~ 15 1.0
r::e A @, WT; O,pgriiordt B @, WL O,pgr5hd
'E 2 0.8 -
~ 10 ¥
S P @
@) g‘o = 0.6 - r
— L)
=) ‘f, = o 4 2
& ~ il 5] @
:_E} 5 04 ; o, % °
- kS
- 10 0.2 4 @
+ 3
<
T " T 0.0 T
0 100 200 300 400 0 100 200 300 400
Ci (ppm) Ci (ppm)

Figure 1. Effects of the intercellular partial pressure of CO; (Ci) on the gross CO; assimilation rate (A + Rd) and apparent quantum yield of
photosystem II (PSI) [Y(I)] in wild-type (WT)and pgr5™s! Arabidopsis. (A) The gross CO, assimilation rates were measured at 400 pumol
photons m™ s and 21 kPa O,, and Y (II) was simultaneously measured. The dark respiration rates (Rd) were meastired before starting
actinic light illumination. The gross CO; assimilation rates are expressed as A + Rd and were plotted against Ci. (B) Y (II) was plotted
against Ci. The data were obtained from four independent experiments using leaves attached to four plants of both WT and pgr5™= (N =
4). The ambient partial pressures of CO, were changed from 400 ppm to 50 through 300, 200, and 100 Pa at 21 kPa O, for the same leaves.
Black symbols, WT; white symbols, pgr5™r.

Figure 1. Effects of the intercellular partial pressure of CO2 (Ci) on the gross CO2 assimilation rate (A
+ Rd) and apparent quantum yield of photosystem II (PSII) [Y(II)] in wild-type (WT) and pgr5"o!
Arabidopsis. (A) The gross CO:z assimilation rates were measured at 400 umol photons m2s™ and 21
kPa O, and Y(II) was simultaneously measured. The dark respiration rates (Rd) were measured
before starting actinic light illumination. The gross CO2 assimilation rates are expressed as A + Rd and
were plotted against Ci. (B) Y(II) was plotted against Ci. The data were obtained from four
independent experiments using leaves attached to four plants of both WT and pgr5»! (N = 4). The
ambient partial pressures of CO2 were changed from 400 ppm to 50 through 300, 200, and 100 Pa at
21 kPa Oz for the same leaves. Black symbols, WT; white symbols, pgr5re’,

The parameters P700%, PC*, and Fd- against Y(II) are plotted in Figure 2. With the decrease in
Y(II) caused by lowering Ci, P700 was oxidized from approximately 10 to 40% in WT (Figure 2A). On
the other hand, P700 was not oxidized even with the decrease in Y(II) in pgr5tr! (Figure 2A). Similarly,
PC was oxidized from 65 to 90% in WT (Figure 2B). On the other hand, the oxidized PC percentage
decreased from 20 to 5% with the decrease in Y(II) in pgr5»r! (Figure 2B). In contrast to both P700*
and PC+, Fd- did not change in response to the decrease in Y(II) in WT (Figure 2C). This is due to the
oxidation of P700 in PSI [4]. On the other hand, Fd- in pgr5"» was higher than that in WT and
increased from 40 to 55% with the decrease in Y(II) (Figure 2C). This shows that the limitation of the
electron sink accumulates electrons as the reduced form of Fd, which is why the oxidized PC
percentage decreased (Figure 2B) [4].
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Figure 2. Relationships between P7007, PC’, Fd", and apparent quantum yield of photosystem II (PSII) [Y (IT)]. The data for each parameter were
measured in the experiments depicted in Figure 1, simultaneously with the gross CO, assimilation rates and Y (II). (A) P700", (B) PC, and (C) Fd~
were plotted against Y(IT). The ratios of P7007, PC", and Fd~ against the total contents are expressed. The data were obtained from four independent
experiments using leaves attached to four WT and pgr5"#plants (N = 4). Black symbols, WT; white symbols, pgr5™Fe.

Figure 2. Relationships between P700*, PC*, Fd~, and apparent quantum yield of photosystem II (PSII)
[YID)]. The data for each parameter were measured in the experiments depicted in Figure 1,
simultaneously with the gross CO: assimilation rates and Y(II). (A) P700%, (B) PC*, and (C) Fd~- were
plotted against Y(II). The ratios of P700%, PC*, and Fd- against the total contents are expressed. The
data were obtained from four independent experiments using leaves attached to four WT and pgr5"ore!
plants (N =4). Black symbols, WT; white symbols, pgr5iore,

The parameters nonphotochemical quenching (NPQ) and plastoquinone reduced state (1 - qP)
against Y(II) are plotted in Figure 3. The increase in NPQ showed the enhancement of heat dissipation
of photon energy absorbed by PSII. With the decrease in Y(II), NPQ increased from approximately
0.5 to 1.5in WT (Figure 3A). On the other hand, NPQ in pgr5"r was lower than that in WT, and NPQ
increased from 0.2 to 0.9 with the decrease in Y(II) in pgr5»r (Figure 3A). An increase in 1 — qP
showed a reduction in the plastoquinone pool. WT and pgr5"»<! showed the same dependence of 1 -
qP on the decrease in Y(II), where 1 — qP increased with the decrease in Y(II) (Figure 3B). With the
decrease in Y(II), 1 - qP increased from approximately 0.25 to 0.6 in WT (Figure 3B). On the other
hand, with the decrease in Y(II), 1 — qP increased from approximately 0.35 to 0.75 in pgr5! (Figure
3B). Although the dependence of 1 — qP on Y(II) in pgr5"» was the same as that of WT, the values of
1 - gP in pgr5e! further increased with lowering Y(II) from 0.25 to 0.15 compared to WT.


https://doi.org/10.20944/preprints202401.1303.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2024 doi:10.20944/preprints202401.1303.v1

1.0

A @t Opgsma B o,w1 0,5
2 0.8 1
Q(,(b
o, 0.6 ‘e
™ ;
S e 3 ~ o
7 1 1 Q o . o ™ 04 4 ®s S0,
o® o ¢ %ﬁ
. “,
© R Gm o *Ce 02 1
¢ o
0 T T 0.0 T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Y(I) Y(II)

Figure 3. Relationships between nonphotochemical quenching (NPQ), plastoquinone reduced state (1 - gP), and apparent quantum yield
of photosystem IT(PSII) [Y (IT)]. The data for each parameter were measured in the experiments depicted in Figure 1, simultaneously with
the gross CO, assimilation rates and Y(II). (A) NPQ and (B) 1 — gP were plotted against Y(II). The two vertical lines were drawn at
approximately 0.27 and 0.45 of Y(II), where the values of 1 - qP were the same between WT and pgr5"*. These characteristics were used
for the comparison of the oxidation of the reduced Fd in Figure 5. The data were obtained from four independent experiments using leaves
attached to four WT and pgr5"7 plants (N = 4). Black symbols, WT; white symbols, pgr5"7.,

Figure 3. Relationships between nonphotochemical quenching (NPQ), plastoquinone reduced state
(1 - qP), and apparent quantum yield of photosystem II (PSII) [Y(II)]. The data for each parameter
were measured in the experiments depicted in Figure 1, simultaneously with the gross CO:
assimilation rates and Y(II). (A) NPQ and (B) 1 — qP were plotted against Y(II). The two vertical lines
were drawn at approximately 0.27 and 0.45 of Y(II), where the values of 1 — qP were the same between
WT and pgr5"»e!. These characteristics were used for the comparison of the oxidation of the reduced
Fd in Figure 5. The data were obtained from four independent experiments using leaves attached to
four WT and pgr5™r! plants (N = 4). Black symbols, WT; white symbols, pgr5 <!,

The parameters apparent quantum yield of PSI [Y(I)] and apparent quantum yield of
nonphotochemical energy dissipation of photoexcited P700 [Y(NA)] are plotted in Figure 4. Both Y(I)
and Y(NA) were estimated by illuminating the leaves with saturation-pulse light under actinic light
illumination. Y(I) reflected the strength of the donor-side limitation of the P700 photooxidation
reduction cycle, and Y(NA) reflected that of the acceptor-side limitation during saturation-pulse
illumination [15]. That is, if P700 was highly oxidized under actinic light, Y(I) showed a higher value,
and the reverse was also true [20]. For example, if Y(NA) was higher, Y(I) was lower [16]. A higher
Y(NA) has a positive relationship with a higher reduced state of Fd at the steady-state illumination
of actinic light [4]. With the decrease in Y(II), Y(I) decreased from approximately 0.8 to 0.5 in WT
(Figure 4A). On the other hand, with the decrease in Y(II), Y(I) decreased from approximately 0.5 to
0.2 in pgr5"rt (Figure 4A). Furthermore, the dependence of Y(I) on Y(II) in pgr5™» was different from
that in WT, and the Y(I) values in pgr5»? were lower than those in WT. Y(NA) in WT was kept at
lower values from 0.1 to 0.05 with the decrease in Y(II); on the other hand, Y(NA) in pgr5rs was
higher than that in WT (Figure 4B). The Y(NA) value in pgr5" increased from 0.5 to 0.8 with the
decrease in Y(II) (Figure 4B), which seems to be related to the dependence of Fd reduction on Y(II)
(Figure 2C). The Y(NA) obtained by saturation-pulse light illumination reflects the reduction-
oxidation state of Fd under actinic light illumination.
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Figure 4. Relationships between the apparent quantum yield of PSI[Y(I)], apparent quantum yield of nonphotochemical energy
dissipation of photoexcited P700 [Y(INA)], and apparent quantum yield of photosystem II (PSII) [Y (I)]. The data for each parameter were
measured in the experiments depicted in Figure 1, simultaneously with the gross CO, assimilation rates and Y(II). (A) Y(I) and (B) Y(NA)
were plotted against Y(II). The data were obtained from four independent experiments using leaves attached to four WT and pgr5™7!
plants (V = 4). Black symbols, WT; white symbols, pgr5".,

Figure 4. Relationships between the apparent quantum yield of PSI[Y(I)], apparent quantum yield of
nonphotochemical energy dissipation of photoexcited P700 [Y(NA)], and apparent quantum yield of
photosystem II (PSII) [Y(II)]. The data for each parameter were measured in the experiments depicted
in Figure 1, simultaneously with the gross CO:z assimilation rates and Y(II). (A) Y(I) and (B) Y(NA)
were plotted against Y(II). The data were obtained from four independent experiments using leaves
attached to four WT and pgr5"#! plants (N = 4). Black symbols, WT; white symbols, pgr5 .

Finally, the oxidation rates of the reduced Fd (vFd) against Y(II) under steady-state conditions,
which were estimated by DIRK analysis (see Section 4), are plotted in Figure 5. vFd did not show a
linear relationship with Y(II) in either WT or pgr5t»! (Figure 5A). In WT, increasing Y(II) increased
vFd, and a nearly linear relationship between vFd and Y(II) was found in the low range of Y(II) from
0.25 to 0.35. However, above Y(II) = 0.35, as Y(II) became saturated, vFd further increased. That is,
excessive turnover of the redox reaction of Fd against Y(II) appeared in the higher range of Y(II). This
behavior of vFd against Y(II) in pgr5t»< was similar to WT (Figure 5A). In pgr5", a nearly linear
relationship between vFd and Y(II) was found in the low range of Y(II) from 0.15 to 0.3. Above Y(II)
= 0.3, although Y(II) became saturated, vFd further increased. The excessive turnover of the redox
reaction of Fd against Y(II) in pgr5'» also appeared in the higher range of Y(II), similar to WT.
Surprisingly, the values of vFd were larger than those in WT. Typical kinetics of the oxidation of Fd
after turning off the actinic light in the DIRK analysis were compared between WT and pgr5r! at
approximately the same two values of Y(II) (Supplemental Figure S1A). At approximately 0.45 of
Y(II), the initial decay rate of the reduced Fd in pgr5"»rs was larger than that in WT. The reduced level
of Fd before turning off the actinic light showed a reduced level at the steady state. At approximately
0.27 of Y(II) at lower Ci, the initial decay rate of the reduced Fd in pgr5™r! was also larger than that
in WT (Supplemental Figure S1B). Furthermore, vFd showed a dependence on the increase in qP
(Figure 5B). The increase in qP, reflecting PQ oxidation, stimulated the appearance of excessive vFd
in WT and pgr5™r. That is, the activation of photosynthetic linear electron flow oxidized PQ and
induced excessive vFd, as observed in the increase in Y(II).
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Figure 5. Relationships between the apparent quantum yield of photosystem II (PSII) [Y (IT)], plastoquinone oxidized state (qP), and vFd.
The data for each parameter were measured in the experiments depicted in Figure 1, simultaneously with the gross CO, assimilation rates
and Y(II). (A) Y(II) was plotted against vFd. (B) gP was plotted against vFd. In the experiments shown in Figure 1, the oxidation rate of Fd
was determined by DIRK analysis (see “Materials and Methods”). To determine the oxidation rate of Fd™ (vFd) under illuminated
conditions, actinic light was transiently turned off for 400 ms. Theinitial slope of the decrease in Fd~ indicates vFd. These data were
obtained at a steady state, which was confirmed by the achievement of stable conditions for both gross CO, assimilation and Y(II). Thetwo
vertical lines were drawn at approximately 0.27 and 0.45 of Y (IT) to compare vFd between WT and pgr5"#<.. The data were obtained from
four independent experiments using leaves attached to four WT and pgr5"< plants (I = 4). Black symbols, WT; white symbols, pgr5".,

Figure 5. Relationships between the apparent quantum yield of photosystem II (PSII) [Y(II)],
plastoquinone oxidized state (qP), and vFd. The data for each parameter were measured in the
experiments depicted in Figure 1, simultaneously with the gross CO:z assimilation rates and Y(II). (A)
Y(IT) was plotted against vFd. (B) qP was plotted against vFd. In the experiments shown in Figure 1,
the oxidation rate of Fd was determined by DIRK analysis (see “Section 4”). To determine the
oxidation rate of Fd- (vFd) under illuminated conditions, actinic light was transiently turned off for
400 ms. The initial slope of the decrease in Fd- indicates vFd. These data were obtained at a steady
state, which was confirmed by the achievement of stable conditions for both gross CO2 assimilation
and Y(II). The two vertical lines were drawn at approximately 0.27 and 0.45 of Y(II) to compare vFd
between WT and pgr5"rel. The data were obtained from four independent experiments using leaves
attached to four WT and pgr5"¥! plants (N = 4). Black symbols, WT; white symbols, pgr5/ol,

3. Discussion

In the present research, we used pgr5tr! because pgr5' ! showed a higher reduced state of Fd at
the steady state. Thus, we expected pgr5r! to be a good experimental material to test the effect of Fd
on Fd-CEF activity in vivo. We compared the activity of Fd-CEF in Arabidopsis thaliana WT and
pgr5tord. The mutant pgr5re shows the same values of both the gross CO: assimilation rate and the
same reduction oxidation level of PQ as WT (Figure 1) [4, 23]. The oxidation rate of the reduced Fd
showed a nonlinear relationship against Y(II) in both WT and pgr5"»r! (Figure 5A). The increase in
vFd deviated from the increase in Y(II) in both WT and pgr5%<l. These results indicate the presence
of excessive vFd unrelated to photosynthetic linear electron flow, the electron flux in Fd-CEF (Figure
5A) (Ohnishi et al. 2023). A deviation of vFd from the linear relationship was also found between vFd
and qP in both WT and pgr5re! (Figure 5B). The increase in qP reflected the oxidation of the reduced
PQ, which was induced by the stimulation of the photosynthetic linear electron flow. These
characteristics of the expression of the excessive vFd corresponded to a previous report [20]. That is,
the appearance of Fd-CEF needed PQ oxidation in both WT and pgr5"»!, which follows the molecular
mechanism of Fd-CEF (Supplemental Figure S2)[1].

Furthermore, we found an enhanced oxidation rate of the reduced Fd in pgr5mr<! compared to
WT (Figure 5A). That is, the electron flux of Fd-CEF in pgr5t»<! was enhanced. In Fd-CEF, the reduced
Fd donates electrons to PQ through FQR. The electron donor is the reduced Fd, and the electron
acceptor is the oxidized PQ. The electron flux in Fd-CEF (vCEF) is proportional to the product of the
concentrations of both the reduced Fd, [Fd], and the oxidized PQ, [PQ] and depends on the activity
of FQR, the rate constant, k.
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vCEF =k X [PQ] X [Fd] (1)

If PQ was completely reduced, the electron flux of Fd-CEF was zero, even if Fd was reduced
(Supplemental Figure S2) [1, 20]. Conversely, if PQ was completely oxidized, the activity of Fd-CEF
was also zero because Fd did not possess any electrons for the reduction of PQ [1]. Similarly, if Fd
was completely reduced with PQ completely reduced, Fd-CEF could not function. Furthermore, if Fd
was completely oxidized with PQ completely oxidized, Fd-CEF could not function. In the present
research, the reduction level of Fd in pgr5"» was higher than that in WT, and Fd was further reduced
by the decrease in photosynthetic linear electron transport (Figure 2C). This was due to the
suppression of P700 oxidation in pgr5r! (Figure 2A). In contrast to WT, the rate-determining step in
the P700 photo-oxidation reduction cycle is the oxidation of the excited P700 by the electron acceptor
in PSI of pgr5 [4, 25], which was observed as the larger Y(NA) and the higher reduced level of Fd
(Figures 2 and 4). This was due to the lower ApH across thylakoid membranes in pgr5rs compared
to WT (Supplemental Figure S3). pgr5' ! showed lower ApH because of the higher value of H*-
conductance (gH*) compared to WT [26]. However, the molecular mechanism by which gH~ is
decreased in pgr5™re! has not been elucidated. The observed lower ApH in pgr5t» did not suppress
the oxidation of the reduced PQ by the cytochrome bs/f-complex. As a result, the rate-determining
step in the P700 photo-oxidation reduction cycle in pgr5"r! would shift from the reduction of the
oxidized P700 to the oxidation of the excited P700. This is the reason for the enhanced reduction in
Fd in pgr5ters, which was further strengthened in response to the suppression of photosynthetic linear
electron transport. Following the expression model of Fd-CEF activity (Equation 1), the increase in
[Ed] increases vCEF. In fact, at the same qP values, e.g., 0.4 and 0.6, that is, the same [PQ], vFd in
pgr5hore was higher than that in WT (Figure 5B). These behaviors of vCEF followed the Fd-CEF model
(Supplemental Figure S2) [1]. That is, Fd-CEF requires both oxidized PQ and reduced Fd in vivo.

The contribution of Fd-CEF to the induction of ApH across thylakoid membranes has been
discussed [1, 27]. Although ApH in pgr5'r<! was lower than that in WT (Supplemental Figure S3), ApH
in both WT and pgr5r! did not increase in response to the increase in Fd-CEF from the CO:
compensation point to the higher Ci (Supplemental Figure S3). The increase in Fd-CEF activity was
accompanied by the stimulation of the gross CO: assimilation rate as Ci increased (Figures 1 and 5).
That is, the increase in ATP consumption occurred simultaneously with the increase in Fd-CEF
activity. Therefore, the ApH induced by Fd-CEF did not accumulate, or the total ApH induced by the
enhanced photosynthetic linear electron flow (the light reaction in photosynthesis) driven by the net
CO: assimilation (the dark reaction in photosynthesis) and the enhanced Fd-CEF (the light reaction
in photosynthesis) greatly decreased.

NPQ in pgr5™ ! was lower than that of WT (Figure 3). The induction of NPQ requires
acidification of the luminal side of thylakoid membranes [27]. That is, the lower ApH in pgr5 ! could
not induce higher NPQ. On the other hand, the behavior of NPQ in WT relative to the increase in
both the gross CO2 assimilation rate and the photosynthetic linear electron flow rate was the same as
that in pgr5t»r! (Figure 3). NPQ decreased with the increase in both the gross CO: assimilation rate
and the photosynthetic linear electron flow rate, although ApH in both WT and pgr5™ <! did not
change, as described above. NPQ also depends on the reduction-oxidation state of PQ and Y(II) [28,
29]. That is, NPQ decreases with the increases in both qP and Y(II).

In the present research, we further confirmed the expression model of Fd-CEF activity proposed
(Supplemental Figure S2) [1]. The mutant pgr5' ! showed a higher reduction in Fd than WT (Figure
2). As expected, the electron flux of Fd-CEF in pgr5<! was enhanced (Figure 5). Both pgr5 and NDH
have been considered mediators of Fd-CEF [11]. However, the present and previous reports clearly
show that Fd-CEF is driven by a new mediator [20]. The strongest candidate for the mediator, FOR,
is the cytochrome (Cyt) bs/f~-complex [30-32]. The Cyt bs/f-complex has a possible binding site for Fd,
close to the location of heme ¢, composed of basic amino groups. The acidic region of Fd would bind
to the site of the Cyt bs/f complex. The reduced heme ¢ would transfer electrons to the low potential
heme b in the Cyt b subunit of the Cyt bs/f-complex [30, 32]. The reduced heme b donates electrons to
the oxidized PQ and/or the one-electron reduced PQ in the Q-cycle of the Cyt bs/f-complex. The cyclic
electron flow accelerates the Q-cycle and contributes to ApH formation. Identification of the mediator
for Fd-CEF would require further research.


https://doi.org/10.20944/preprints202401.1303.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2024 doi:10.20944/preprints202401.1303.v1

10

Next, we considered that we obtained the most important information about the physiological
function of Fd-CEF in pgr5tr<. The mutant pgr5"re has high H*-conductance (Supplemental Figures
53 and S4), which has been reported by many researchers [9, 10]. Unless Fd-CEF induces acidification
of the luminal space of thylakoid membranes, the proton motive force to produce ATP should not be
maintained. The enhanced electron flux in Fd-CEF of pgr5"r would compensate for the rapid loss of
the proton motive force by promoting ApH formation across thylakoid membranes. That is, as shown
in Figures 1 and 5, the higher activity of Fd-CEF pgr5r! drives CO: assimilation at the same rate as
WT.

Furthermore, the physiological function of Fd-CEF is considered as follows. The electron flux of
Fd-CEF is induced by the oxidation of PQ, which is triggered by the increase in the rate of
photosynthetic electron flow driven by the dark reactions: CO2 assimilation and photorespiration
(Figures 1 and 5) [20]. The electrons for driving the dark reactions are supplied as both NADPH and
Fd, and the electrons originate from H:0 oxidation in PSIL. In vivo, the electron flux in the
photosynthetic linear electron flow has a linear relationship with the consumption rate of electrons
in dark reactions with the origin [25, 33-36]. This robust relationship between the light and dark
reactions has persisted since the origin of photosynthesis. In principle, the linear relationship cannot
be accounted for by photosynthetic linear electron transport. The electron flux in the photosynthetic
linear electron flow, Je(LEF), is equal to the electron consumption rate in the dark reaction, Jg. Then,

Je(LEF) =1Jg (2)

The production rate of H* in the lumen by the photosynthetic linear electron flow, vP(H*), and
the consumption rate of H* in the dark reaction, vC(H*), are

vP(H") =3 X Je(LEF) 3)

vO(H") =2.335 X (3 +3.5¢)/(2+2¢) X Jg (4)

The coefficient of 3 in Equation (3) shows the H*/e- ratio in the photosynthetic linear electron
flow with the Q-cycle [2, 37, 38]. The coefficient of [2.335 x (3 + 3.5¢)/(2+2¢)] in Equation (4) shows the
H+/e ratio in the dark reaction [2, 37, 38]. The value of ¢ is the ratio of the ribulose 1,5-bisphosphate
(RuBP) oxygenation reaction rate to the RuBP carboxylation rate catalyzed by RuBP
carboxylase/oxygenase (Rubisco). At the CO2 compensation point, ¢ = 2, and at higher COz ¢ = 0.
From Equation (2),

vP(H") < vC(H") (5)

That is, the photosynthetic linear electron flow cannot supply enough ATP to drive the dark
reaction, a very dangerous situation for photosynthetic organisms. Here, we imagine the reverse
situation but with the same results as described above. On the assumption that the dark reaction
turns over with the insufficient supply of ATP, then the dark reaction rate is determined by the supply
rate of ATP in the photosynthetic linear electron flow,

vP(H") = vC(H") (6)
From Equations (3) and (4),
Je(LEF) > Jg (7)

Equation (7) indicates that the dark reaction cannot consume all the electrons produced in the
photosynthetic linear electron flow. As the amounts of both NADP* and the oxidized Fd are not
infinite, as soon as both NADP* and the oxidized Fd are perfectly reduced, the photosynthetic linear
electron transport (PET) system would be filled with electrons. Equation (7) shows that the pressure
of electron accumulation in the PET system would be accelerated as the dark reaction rate increases.
Once electrons accumulate at the acceptor side of PSI, ROS are produced, and ROS oxidatively
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degrade PSI via photoinhibition [4, 39]. That is, the functioning of the photosynthetic linear electron
flow has a potential threat to ROS production in PSL

On the other hand, Equation (7) does not hold. The robust linear relationship of Je(LEF) against
Jg shows that Je(LEF) is equal to Jg [25, 33-36]. This fact shows that the extra ATP supply reaction to
the dark reaction functions without electron production. Fd-CEF supplies ATP to accelerate the
consumption of NADPH, and this function of Fd-CEF can simultaneously accelerate the dark reaction.
As aresult, Jg is enhanced, and the linear relationship of Je(LEF) against Jg holds. Fd-CEF has a dual
function to suppress ROS production and to enhance the dark reaction. As a higher CO: assimilation
rate is needed, the activity of Fe-CEF increases (Figure 5). This is a reasonable response of Fd-CEF
because the threat of ROS production also increases, as described above and shown in Equation (7).

As described above, the threat of ROS production potentially brought by the photosynthetic
linear electron flow increases with the stimulation of the dark reaction. In response to the increased
threat of ROS production, the oxidation of PQ is enhanced, which activates Fd-CEF. Fd-CEF promotes
the consumption of NADPH by supplying ATP to the dark reaction. This is the suppression
mechanism of ROS production (Figure 6). On the other hand, the suppression of the dark reaction
under environmental stress, e.g., high/low temperatures, water deficits, nutrient deficits, and high
salt contents, induce a reduction in PQ, as observed in the suppression of photosynthetic linear
electron flow. Under these situations, Fd-CEF cannot function (Figure 5) [20]. However, as observed
in the oxidation of P700 in PSI, the electron flow from PSII to PSI is suppressed [25, 40-42]. This
contributes to the alleviation of electron accumulation at the acceptor side of PSI, which inhibits ROS
production [4]. On the other hand, the oxidation of P700 is suppressed by the stimulation of the dark
reaction (Figure 2). That is, only Fd-CEF can remove the threat of ROS production under higher
photosynthetic conditions. Oxygenic photosynthetic organisms have two suppression mechanisms
of ROS production in PSI of the photosynthetic electron transport system: P700 oxidation and Fd-
CEF. Fd-CEF can function under high CO: conditions, which enhances CO: assimilation, and Fd-CEF
can remove the threat of ROS production by increasing Jg. The second mechanism, Fd-CEF, would
have been needed at the start of the evolution of photosynthetic organisms during the ancient era,
where the atmospheric partial pressure of CO2 was much higher than the present CO: [43]. Now,
photosynthetic organisms should activate Fd-CEF in response to the enhanced CO: assimilation
accelerated by the increase in atmospheric CO: partial pressure, causing global boiling after global
warming. The activated Fd-CEF makes safe photosynthesis possible.

A Potential risk <==3
ive s ROS =,

Unbalanced usage Sugar

e 02} CO:
pSI (R ¥ ¥
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energy O ATP s CBB cycle
Linear electron flow CO: assimilation
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Figure 6. The potential risk of ROS production due to the unbalanced usage of NADPH and ferredoxin (Fd)-dependent cydlic electron flow
around PSIremoves ROS. (A) Thelinear electron flow produces both NADPH and ATPto drive CO, assimilation, where the consumption
rate of NADPHIin the Calvin-Bassham-Benson (CBB) cycle is lower than the production rate of NADPH (see “text”). The unbalanced
usage of NADPH induces the accumulation of electrons in PSL which triggers reactive oxygen species (ROS) production through the
univalent reduction of O, to superoxide radicals and causes oxidative damage to PSI. Thisis the threat of the linear electron flow to
produce ROS in PSI (potential risk of ROS production). (B) Toremove the threat of ROS production (ROS emergency), NADPH usage
should be accelerated by the extra supply of ATP to the CBB cycle, which is driven by the Fd-dependent cyclic electron flow around PSI
(Fd-CEF). This is ROS risk control, one of the suppression mechanisms of ROS production in photosynthetic organisms.

Figure 6. The potential risk of ROS production due to the unbalanced usage of NADPH and
ferredoxin (Fd)-dependent cyclic electron flow around PSI removes ROS. (A) The linear electron flow
produces both NADPH and ATP to drive CO: assimilation, where the consumption rate of NADPH
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in the Calvin-Bassham-Benson (CBB) cycle is lower than the production rate of NADPH (see “text”).
The unbalanced usage of NADPH induces the accumulation of electrons in PSI, which triggers
reactive oxygen species (ROS) production through the univalent reduction of Oz to superoxide
radicals and causes oxidative damage to PSI. This is the threat of the linear electron flow to produce
ROS in PSI (potential risk of ROS production). (B) To remove the threat of ROS production (ROS
emergency), NADPH usage should be accelerated by the extra supply of ATP to the CBB cycle, which
is driven by the Fd-dependent cyclic electron flow around PSI (Fd-CEF). This is ROS risk control, one
of the suppression mechanisms of ROS production in photosynthetic organisms.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Arabidopsis plants (Arabidopsis thaliana WT and pgr5t») were grown from seeds under standard
air-equilibrated conditions with 10 h/14 h day-night cycles at 23 and 20 °C, respectively, and 55-60%
relative humidity. The photon flux density was adjusted to 100 pmol photons m=2 s, which was
measured with a light meter (LI-189, LI-COR, Lincoln, NE, USA) equipped with a quantum sensor.
Seeds were planted in the soil after 3 days of vernalization at 4 °C. Seedlings were kept in 0.2 (dm)?
pots containing a 2:1.5 ratio of seeding-culture soil (TAKII Co., Ltd., Kyoto, Japan) to vermiculite and
were watered daily. Plants were fertilized with 1000-fold diluted Hyponex fertilizer 8-12—6 (Hyponex
Japan, Osaka, Japan) only once in the 3rd week after seeding. The plants at 10 h after the dark duration
start of the light/dark cycle of growth conditions were used for all the measurements, which were
conducted using rosette leaves of 5- to 6-week-old plants.

4.2. Determination of Chlorophyll and Nitrogen

Leaves after measuring photosynthetic parameters were sampled for the following content
analysis and stored at =80 °C until use. Upon sampling, detached leaves were weighed, and electronic
images were acquired with a scanner for leaf area measurement by Image] (NIH). The Chl and
nitrogen (N) contents in the leaves of WT and pgr5"»! were determined [44] and are shown in
Supplemental Table S1. A raw leaf blade was homogenized in 50 mM sodium-phosphate buffer (pH
7.2) containing 120 mM 2-mercaptoethanol, 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. The total Chl and leaf N contents were
measured from a part of this homogenate. The absorbance at 663.6 and 646.6 nm was measured to
calculate the Chl content [44]. The Chl content in the leaves is represented on a leaf-area basis [44].
The total leaf N content was determined using Nessler’s reagent in a digestion solution after
potassium sodium tartrate was added (Ohnishi et al. 2021). The homogenate was decomposed by 60%
(v/v) sulfuric acid and 30% (v/v) H2O2 with heat. The decomposing leaf solution was mixed with
distilled water, 10% (w/v) potassium sodium tartrate solution, and 2.5 N NaOH and Nessler’s reagent
were immediately added to the mixture. The N content was determined by measuring the change in
absorbance at 420 nm.

4.3. Simultaneous Measurements of Chlorophyll Fluorescence, P700, PC, and Fd Signals with Gas Exchange

Chl fluorescence, P700, PC, Fd, and CO: exchange were simultaneously measured using both
Dual/KLAS-NIR (Heinz Walz GmbH, Effeltrich, Germany) and an infrared gas analyzer (IRGA) LI-
7000 (Li-COR, Lincoln, NE, USA) measuring system equipped with a 3010-DUAL gas exchange
chamber at several ambient partial pressures of CO2 at 21 kPa Oz (Heinz Walz GmbH) [4]. The gases
were saturated with water vapor at 16 + 0.1 °C. The leaf temperature was controlled at 25 + 0.5 °C
(relative humidity: 55-60%). The actinic photon flux density at the upper position on the leaf in the
chamber was adjusted to the indicated intensity. The net CO: assimilation rate (A) and the dark
respiration rate (Rd) were measured. The Chl fluorescence parameters were calculated as follows [45]:
Fo, minimum fluorescence from a dark-adapted leaf; Fo’, minimum fluorescence from a light-
adapted leaf; Fm, maximum fluorescence from a dark-adapted leaf; Fm’, maximum fluorescence from
a light-adapted leaf; Fs, fluorescence emission from a light-adapted leaf; the apparent quantum yield
of PSII, Y(II) = (Fm’ — Fs)/Fm’ [34]; nonphotochemical quenching, NPQ = (Fm - Fm”)/Fm’ [46]; and PQ
oxidized state, (qP) = (Fm’ — Fs)/(Fm’ — Fo’) [47]. To obtain Fm and Fm’, a saturation pulse light (630
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nm, 8000 pmol photons m=2 s, 300 ms) was applied. Red actinic light (630 nm, 400 pimol photons m
s1) was supplied using a chip-on-board LED array.

The signals for oxidized P700 (P700*), oxidized plastocyanin (PC*), and reduced ferredoxin (Fd-)
were calculated based on the deconvolution of four pulse-modulated dual-wavelength difference
signals in the near-infrared region (780-820, 820-870, 840965, and 870-965 nm) [48]. Both P700 and
PC were completely reduced, and Fd was fully oxidized in the dark. To determine the total photo-
oxidizable P700 (P700max) and PC (PCmax), a saturation pulse light was applied after 10 s of
illumination with far-red light (740 nm). The following formulas were used: the apparent quantum
yield of PSI, Y(I) = (P700max” — P700%)/P700max; the quantum yield of oxidized P700 (P700%), Y(ND)
= P700*/P700max; and the apparent quantum yield of nonphotochemical energy dissipation of
photoexcited P700 (P700*), Y(NA) = (P700max — P700max’)/P700max. In the present research, we
showed Y(ND) as P700* (Figure 2A). The summation of these quantum yields is 1 (Y(I) + Y(ND) +
Y(NA) = 1). Total photoreducible Fd (Fdmax) was determined by illumination with red actinic light
(450 pmol photons m2 s™) after plant leaves were adapted to the dark for 5 min [48]. To obtain
P700max’, a saturation pulse light (630 nm, 8000 umol photons m=2 s, 300 ms) was applied. Red
actinic light (630 nm, 400 pmol photons m2 s) was supplied using a chip-on-board LED array.

The total photoreducible Fd signal originated from the Fe/S signal (Sétif et al. 2020). The ratio of
Fd to P700 in PSI was approximately 5 [49, 50]. Furthermore, the leaves of tobacco plants had
approximately 5 umol m?2 leaf area Fd [51] and approximately 1 pmol m?2 leaf area P700 [52]. That is,
the ratio of Fd to P700 in PSI was much closer to that of spinach leaves [49]. Then, we hypothesized
that the amount of Fd in Arabidopsis thaliana was close to these values. The PSI complex contains Fx
and Fa/Fs, in which Fe/S-clusters are the electron transfer carriers. That is, the Fe/S-signal as Fd
occupied less than 60% of the total Fe/S-signal. Furthermore, the electron flux from Fx to NADP*
through Fd is limited by the oxidation of the reduced Fd [53]. That is, if the observed Fe/S-signal was
lower than 60%, we monitored the redox reaction of Fd. The redox states of both P700 and PC under
actinic light illumination were evaluated as the ratios of P700* and PC* to total P700 and total PC,
respectively. The redox state of Fd was also determined similarly. The values of P700max, PCmax,
and Fdmax in the leaves of WT and pgr5»! are shown as relative values in Supplemental Table S1.

For the analysis of dark-interval relaxation kinetics (DIRK analysis) [54], red actinic light (400
umol photons m2 s7') was temporarily turned off for 400 ms at steady-state photosynthesis [20]. The
oxidation rate of Fd- was estimated by a Dual/KLAS-NIR spectrophotometer and is expressed as the
relative values by estimating the initial decay of Fd-.

4.4. Simultaneous Measurements of Electrochromic shift (ECS)-Signals with Gas Exchange

The electrochromic shift (ECS) signal reflects both the ApH and Ay across the thylakoid
membranes [55, 56]. The ECS signal was measured simultaneously with the above gas exchange
analysis using the DUAL-PAM system (Walz) equipped with a P515 analysis module [57]. The P515
analysis module monitored the formation of the ECS signal due to the carotenoid spectrum shift in
response to the membrane potential. The magnitude of the ECS signal was evaluated by DIRK
analysis [55, 56]. At the steady state of photosynthesis, actinic light illumination was transiently
turned off for 400 ms. After the actinic light illumination was turned off, the ECS signal rapidly
decayed. The decay rate of the ECS signal reflects the activity of ATP synthase in thylakoid
membranes [55, 56]. The half time of ECS decay reflects proton conductance (gH*), which in turn
reflects the apparent rate constant of ATP synthesis catalyzed by ATP synthase and depends on the
concentrations of ADP and inorganic phosphate and the catalytic constant of ATP synthase [55, 56].

The magnitude of the ECS signal was normalized as follows [57]. A single turnover flash (10 ps)
was used to illuminate the leaf under far-red light. Then, the single turnover flash induced PSII-
dependent production of the ECS signal, which corresponds to the membrane potential induced by
single charge separation of P680 in PSII. The average value of a single turnover (ST) flash-induced
ECS signal (ECSst) was (4.09 +0.07) x 10 Al/Io (n=4) (WT) and (4.0 + 0.4) x 10 Al/Io (n = 4) (pgr5-).
Then, the measured ECS signal was divided by ECSst and was used as the normalized ECS signal
(ECSN) [56] (Equation (1)).

ECSn = ECS/ECSst 1)
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The contribution of both ApH and A to the total ECS signal was separately evaluated after the
AL illumination was turned off over longer periods of darkness [55].
The relative H* consumption rate vH* is proportional to both ECSx and gH*, namely (Equation

@),

vH+ = gH* x ECSn A@)

4.5. Statistical Analytics

Statistical analysis of the corresponding data in Supplemental Table S1 (CI, confidential interval)
were performed using the commercial software JMPS8 (ver. 14.2.0, SAS Institute Inc., Cary, NC, USA).

Supplemental Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org. Supplemental Figure S1. DIRK analysis of the decay of the reduced Fd in WT and
pgrorel after turning off actinic light illumination. Supplemental Figure S2. Dependence of Fd-CEF activity on
the ratio of oxidized PQ to the total PQ pool. Supplemental Figure S3. Effects of the intercellular partial pressure
of CO2 on the net CO: assimilation rate and the parameters of H* conductance, proton motive force, H*
consumption rate, and proton gradient across thylakoid membranes due to CO: fixation as a function of the
partial pressure of intercellular CO2 in WT and pgr5"»!. Supplemental Figure S4. Relationships between the
parameters of H* conductance, proton motive force, H* consumption rate, and proton gradient across thylakoid
membranes and the apparent quantum yield of PSII in WT and pgr5™!. Supplemental Table S1. Chl and
nitrogen contents, Fv/Fm, P700max, PCmax, and Fdmax in the leaves of WT and pgr5"#. Supplemental Figure
S1. DIRK analysis of the decay of the reduced Fd (Fd-) in WT and pgr5"»! after turning off actinic light (AL)
illumination. AL was turned off at time zero ms. The initial slope of the decrease in Fd- at time zero indicated
the oxidation rate of Fd-. The typical data at both 0.45 (A) and 0.27 (B) of Y(II) in both WT and pgr5"»¢! are shown
from the experiments in Figure 5. Black lines, WT; red lines, pgr5"». Supplemental Figure S2. Dependence of
Fd-CEF activity (vCEF) on the ratio of the oxidized PQ to total PQ pool (PQt), (PQ/PQt). The vCEF is plotted
against PQ/PQt according to the model of Fd-dependent cyclic electron flow around PSI [1]. In the extremely
reduced state of PQ, in which the intensity of actinic light is higher and/or the intercellular partial pressure of
CO2 is lower, vCEF is greatly suppressed. The stimulation of net CO2 assimilation with photosynthetic linear
electron flow enhanced the oxidation of the reduced PQ, with vCEF increasing, as shown in the present research
and a previous report [20]. Supplemental Figure S3. Effects of the intercellular partial pressure of CO2 (Ci) on
the net CO2 assimilation rate (A) and the parameters of H* conductance (gH"), proton motive force (pmf), H*
consumption rate (vH*), and proton gradient across thylakoid membranes (ApH) due to CO:2 fixation as a
function of the partial pressure of intercellular CO:2 (Ci) in WT and pgr5"»! of Arabidopsis thaliana. (A) The net
CO2 assimilation rates were measured at 400 umol photons m? s and 21 kPa O2, and proton motive force
parameters were simultaneously measured. The dark respiration rates (Rd) were measured before starting
actinic light illumination. The net CO2 assimilation rates were plotted against Ci. (B) H* conductance (gH?*), (C)
proton motive force (pmf), (D) H* consumption rate (vH*), and (E) proton gradient across thylakoid membranes
(ApH) were plotted against Ci. The data are from four independent experiments using leaves attached to four
plants (N =4). The ambient partial pressures of CO2 were changed from 400 ppm to 50 through 300, 200, and 100
Pa at 21 kPa Oz for the same leaves. Black symbols, WT; white symbols, pgr5™re!. Supplemental Figure S4.
Relationships between the parameters of H* conductance (gH*), proton motive force (pmf), H* consumption rate
(vH"), and proton gradient across thylakoid membranes (ApH) and the apparent quantum yield of PSII (Y(II)) in
WT and pgr5hret of Arabidopsis thaliana. Each value of the parameters of proton motive force against Y(II) was
selected from the same CO:z assimilation rates in Figure 1 and Supplemental Figure 3A. (A) H* conductance (gH"),
(B) proton motive force (pmf), (C) H* consumption rate (vH*), and (D) proton gradient across thylakoid
membranes (ApH) were plotted against Y(II). Black symbols, WT; white symbols, pgr5e!.
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