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Abstract

Plants have evolved multiple regulatory mechanisms to cope with natural light
fluctuations. The interplay between these mechanisms leads presumably to the
resilience of plants in diverse light patterns. We investigated the energy-dependent
nonphotochemical quenching (gE) and cyclic electron transports (CET) in light that
oscillated with a 60-s period with three different amplitudes. The photosystem | (PSI)
and photosystem Il (PSIl) function-related quantum yields and redox changes of
plastocyanin and ferredoxin were measured in Arabidopsis thaliana wild types and
mutants with partial defects in gE or CET. The decrease in quantum yield of gE due
to the lack of either PsbS- or violaxanthin de-epoxidase was compensated by an
increase in the quantum yield of the constitutive nonphotochemical quenching. The
mutant lacking NAD(P)H dehydrogenase (NDH)-like-dependent CET had a transient
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significant PSI acceptor side limitation during the light rising phase under high
amplitude of light oscillations. The mutant lacking PGR5/PGRL1-CET restricted
electron flows and failed to induce effective photosynthesis control, regardless of
oscillation amplitudes. This suggests that PGR5/PGRL1-CET is important for the
regulation of PSI function in various amplitudes of light oscillation, while NDH-like-
CET acts' as a safety valve under fluctuating light with high amplitude. The results

also bespeak interplays among multiple photosynthetic regulatory mechanisms.
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Abbreviations: AET, alternative electron transport; AL, actinic light; CET, cyclic electron transport; Chl, chlorophyll; ChIF, chlorophyll fluorescence; Cyt bé/f, cytochrome béf complex; Fd Red,
apparent relative reduction of ferredoxin; Fd, ferredoxin; Fd™,,, maximum reduction of ferredoxin; NDH-like, chloroplast NAD(P)H dehydrogenase-like complex; NIR, near-infrared light; NPQ,
nonphotochemical quenching. Multiple molecular mechanisms lead to the lowering of emission of chlorophyll fluorescence in high light; P,,, maximum oxidation of P700; P700, primary
2571 PC Ox, apparent relative
oxidation of plastocyanin; PC, plastocyanin; PC,,,, maximum oxidation of plastocyanin; PGR5, proton gradient regulation 5 protein; PGRL1, proton gradient regulation-like 1 protein; pmf, proton
motive force; PsbS, chloroplastic 22 kDa photosystem Il protein involved in qE; PSI, photosystem I; PSII, photosystem Il; gE, energy-dependent nonphotochemical quenching. It is dependent
on pH of lumen and involves PsbS and/or VDE proteins; gP, the coefficient of photochemical quenching, estimating the fraction of open photosystem Il centres (with Qa oxidised) based on a
puddle model for the photosystem Il units; SP, multiple-turnovers saturation pulse; TM, thylakoid membrane; VDE, violaxanthin de-epoxidase enzyme; Y(l), the effective photochemical
quantum yield of photosystem [; Y(II), the effective photochemical quantum yield of photosystem II; Y(NA), The quantum yield of nonphotochemical energy dissipation in photosystem | due to
acceptor side limitation; Y(ND), the quantum yield of nonphotochemical energy dissipation in photosystem | due to donor side limitation; Y(NO), the quantum yield of the constitutive (always
present) nonphotochemical quenching; Y(NPQ), the quantum yield of the regulatory (light-induced) nonphotochemical quenching.

electron donor in the reaction centre of photosystem |; PAR, photosynthetically active radiation between 400 and 700 nm, measured in units pmol photons m™
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REGULATION OF PHOTOSYNTHESIS IN OSCILLATING LIGHT

1 | INTRODUCTION

Plants grow in light that is perpetually changing due to diurnal and
seasonal alternations, varying cloudiness, moving canopy and other
factors (Morales & Kaiser, 2020; Smith & Berry, 2013). Light
fluctuations have a wide range of characteristic frequencies and
irradiance levels. For instance, the frequency caused by wind-driven
leaf flutter (Durand & Robson, 2023; Roden & Pearcy, 1993) is
several orders of magnitude higher than the frequency caused by
moving clouds or the sun's position in the sky relative to gaps in the
vegetation (Chazdon & Pearcy, 1991; Way & Pearcy, 2012). To
maintain photosynthesis efficiency in such diverse fluctuating light
environments, plants have developed multiple regulatory mecha-
nisms (Allahverdiyeva et al., 2015; Gjindali et al., 2021; Kaiser
et al, 2018; Kono & Terashima, 2014). These mechanisms enable
plants to adjust their photosynthetic apparatus and energy metabo-
lism to a wide range of changes in light quantity and duration.

An important role is played by the energy-dependent (qE)
nonphotochemical quenching (NPQ) that protects photosystem Il
(PSIl) by mitigating overexcitation (Demmig-Adams et al., 2014;
Kromdijk et al., 2016; Roach & Krieger-Liszkay, 2012; Ruban, 2016;
Ware et al., 2015). The importance of the gE-dependent protection
has been demonstrated also in fluctuating light conditions (lkeuchi
et al, 2014; Kilheim et al.,, 2002; Miller et al., 2001; Steen
et al.,, 2020). The gE relies on two protective responses, one involving
the violaxanthin de-epoxidase (VDE) (Demmig-Adams, 1990;
Gilmore, 1997; Jahns & Holzwarth, 2012; Niyogi et al., 1998) and
the other involving protonation of the PsbS protein (Li et al., 2000; Li
et al,, 2002). Both processes are activated by low luminal pH and
their activations are independent on each other (Holzwarth
et al., 2006; Li et al., 2000).

Cyclic electron transport around PSI (CET) also plays an important
role in coping with fluctuating light by regulating electron transport and
trans-thylakoid proton motive force (pmf) (Nakano et al., 2019; Strand
et al, 2017; Wang et al., 2015), thereby inducing gE in PSlI,
photosynthesis control in the cytochrome (Cyt) b6/f complex and, most
importantly, balancing ATP/NADPH ratio (Johnson, 2011; Shikanai and
Okegawa, 2008; Suorsa et al., 2012; Yamori et al.,, 2015). Two CET
pathways have been identified in angiosperms (Shikanai, 2014): the
Proton Gradient Regulation 5 and Proton Gradient Regulation-like 1
proteins-dependent pathway (PGR5/PGRL1-CET) (DalCorso et al., 2008;
Hertle et al., 2013; Munekage et al., 2002; Sugimoto et al., 2013) and
the NAD(P)H dehydrogenase-like complex-dependent pathway (NDH-
like-CET) (Peltier et al., 2016; Yamamoto et al., 2011). The absence of
PGR5/PGRL1-CET leads to a significant PSI reduction and photoinhibi-
tion under excessive light of constant intensity (DalCorso et al., 2008;
Munekage et al., 2002; Suorsa et al., 2012). In contrast, the absence of
NDH-like-CET has little effects on steady-state photosynthesis under
constant high light intensity (Hashimoto et al., 2003; Sazanov
et al.,, 1998). Recent studies (Kono & Terashima, 2016; Kono et al., 2014;
Yamamoto and Shikanai, 2019; Yamori et al., 2016; Zhou et al., 2022)
have shown that both CET pathways contribute to P700 oxidation
under fluctuating light preventing PSI photoinhibition.
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The mechanism for prevention of PSI photoinhibition relies on
the photosynthesis control, which was for fluctuating light conditions
found by Suorsa et al. (2012). The photosynthesis control is realised
by decreased rate constant of reduced plastoquinone (PQH,)
oxidation at the luminal side of Cyt b6/f by light-induced acidification
of lumen; the protons in lumen creates ‘backpressure’ for protons to
be released from PQH, to lumen (Rumberg & Siggel, 1968;
Schansker, 2022; Siggel, 1976; Tikhonov et al., 1981). The active
control results in increased oxidation state of the donor side of
photosystem | (PSI), which consequently prevents PSI from photo-
damage by reactive oxygen species (Takagi et al., 2016; Terashima
et al.,, 1994; Tjus et al., 1998).

Tremendous knowledge of photosynthesis regulation was
accumulated by close-proximity measurements of chlorophyll fluo-
rescence (ChlF) and transmittance using pulse amplitude modulated
(PAM) measuring light, exposing plants to actinic light (AL) of
constant intensity and applying multiple-turnover saturation pulses
(SPs) (Schreiber, 2004). The SPs enable determination of quantum
yields related to function of PSIl and PSIl. In case of the ChIF,
however, uncoupling of ChIF signal from fraction of reduced first
quinone electron acceptor in PSIl, Qa~, due to conformational
changes in PSIl was reported (Laisk & Oja, 2020; Magyar et al., 2018;
Oja & Laisk, 2020; Schansker et al., 2011; Sipka et al., 2021; reviewed
in Garab et al., 2023). Consequently, values of the quantum yields
might be distorted.

Constant light or abrupt dark-to-light transitions are rare in
nature where photosynthetic organisms are typically exposed to
fluctuating light. To understand the plant dynamics in fluctuating light
conditions, the probing actinic light can be modulated as a sinus
function of varying frequency and amplitude. Such a harmonically
modulated light was proposed for studying the dynamics of
photosynthesis by Nedbal and Bfezina (2002). The early studies
conducted on tobacco (Nicotiana tabacum) and cyanobacterium
Synechocystis sp. PCC 6803 and, later on other organisms, revealed
that photosynthetic apparatus excited by harmonically oscillating
irradiance responds by an information-rich periodic pattern of ChIF
emission (Nedbal & Biezina, 2002; Nedbal et al., 2003, 2005). The
response was strongly nonlinear and could be deconvoluted into a
fundamental component, which was modulated with the same
frequency as the irradiance, and a small number of upper harmonic
components (Nedbal & Bfezina, 2002; Nedbal et al., 2003). Using a
mathematical model (Nedbal et al., 2005), this complex modulation of
ChIF emission was interpreted as reflecting nonlinear processes,
particularly photosynthetic regulation. Recently, Nedbal and Lazar
(2021) further strengthened this concept by detecting the dynamics
of ChIF in the green alga Chlorella sorokiniana in a broad range of light
frequencies (1000-0.001 Hz) and supported the proposed interpre-
tation by new mathematical models.

Further insights into the response dynamics of photosynthetic
apparatus were obtained by changing the colour of the oscillating
light and by measuring the response also in CO, assimilation rate,
Fv'/Fu', the NPQ parameter and A820 transmission signal (Nedbal
et al., 2003). The period of light modulation in this study was 60's and
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the light oscillated with two amplitudes: between 20 and 200 and

“1 conditions like in the

between 20 and 400 pmol photonsm™2s
present study.

Multiple reporter signals, namely, ChIF, 1830 and P515 transmit-
tance, were measured also in pea (Pisum sativum) under oscillating
light with frequency range of 1 to 1/300 Hz (Lazar et al., 2022). To
access the function of PSI, PSIl and pmf at thylakoid membrane (TM)
in the light oscillating with 1/60Hz frequency (60s period), the
authors applied the SPs (for ChIF and 1830) or a short switching off
the light (for P515). The measurements of several signals with the
given approach provided new insights into the regulation of
photosynthetic light reactions (Lazar et al., 2022). In a recent study,
mutants of Arabidopsis thaliana that are defective in g€ and CET were
first used to identify the operational frequency range of the
regulatory mechanisms by applying harmonically oscillating light with
frequencies ranging from 1 to 1/480Hz (Niu et al., 2023). It was
proposed that the PsbS-dependent gE component responds to
periods of oscillating light over 10s (frequency < 0.1 Hz), while the
VDE-dependent gE component operates when the period is 1 min or
longer (frequency < 1/60 Hz). Furthermore, it was experimentally
demonstrated that the upper harmonic modulation of signals was
induced by the regulatory processes of the light-dependent photo-
synthetic reactions (Niu et al., 2023).

In the present study, we investigated the response of different
photosynthetic regulatory processes to light oscillating at a single
frequency (1/60 Hz). We combined the harmonically oscillating light of
various amplitudes with the SPs, which enabled calculation of the
quantum vyields and fractions of reduced (oxidised) forms of electron
carriers. The frequency of 1/60Hz was selected because it is
characteristic for the spontaneous oscillations occurring in plants
(Ferimazova et al, 2002; Lazar et al., 2005) and corresponds to a
photosynthetic resonance that was identified in Nedbal and Brezina
(2002), Lazar et al. (2022) and Niu et al. (2023). The light oscillated with
three different amplitudes, covering the range from light limitation to
saturation. The interpretation of the results was strengthened by
measuring simultaneously multiple variables (ChIF, redox changes of
plastocyanin, P700 and ferredoxin) and comparing the dynamics in wild-
type plants of A. thaliana with mutants. The dynamics of qE-related
regulatory processes were studied in the npgl mutant (Niyogi
et al, 1998) lacking VDE-dependent gqE component and the npg4
mutant (Li et al., 2000) lacking PsbS-dependent qE component. The
operation of CET pathways was inspected in the crr2-2 mutant
(Hashimoto et al., 2003) that is incompetent in the NDH-like-CET
pathway, and the pgrl1ab mutant (DalCorso et al., 2008) that is defective
in the PGR5/PGRL1-CET pathway.

2 | MATERIALS AND METHODS
2.1 | Plant materials and growth conditions

Six genotypes of A. thaliana plants, including wild-type Col-O
(Columbia-0, the background of npql, npg4 and pgrllab), wild-type

Col-gl1 (trichome-lacking glabrous 1, the background of crr2-2), npq1
(VDE-deficient), npg4 (PsbS-deficient), pgrilab (lacking the PGR5/
PGRL1-dependent pathway of CET) and crr2-2 (lacking the NDH-like
complex-dependent pathway of CET) were grown under controlled
climate conditions. All seeds were first sown in commercial substrate
(Pikier, Balster Einheitserdewerk). After 3 days of stratification in a
dark room at 4°C, sowing panels were moved to a climate chamber at
a photoperiod of 12h/12h light/dark, a day/night temperature of
26°C/20°C and a constant relative air humidity of 60%. The
photosynthetic photon flux density (PPFD) of growth light (Fluora L
58 W/77; Osram) was approximately 100 umol photons m™2s™%. Two
weeks after sowing, the seedlings were transplanted into pots
(7x7x8cm, one plant per pot) filled with commercial substrate
(Lignostrat Dachgarten extensiv; HAWITA). Plants were watered
from the bottom to maintain soil moisture. Measurements were
started on the 36th day after sowing; by this time, mature leaves
were large enough to cover the entire measurement area of the
DUAL-KLAS-NIR instrument (see below).

2.2 | Instrument setting of chlorophyll
fluorescence and KLAS-NIR measurements

The DUAL-KLAS-NIR spectrophotometer (Heinz Walz GmbH) with a
3010-DUAL leaf cuvette was used for monitoring the ChlIF yield and
relative redox changes of the primary donor of PSI (P700),
plastocyanin (PC) and ferredoxin (Fd) simultaneously. The KLAS-
100 software (Heinz Walz GmbH) was used to implement the
measurement and record the data. The red light (630 nm) was applied
from both sides of the leaf as AL. The pulse-amplitude-modulated
green light (540 nm, 6 pmol photons m™2s™1) was applied from the
abaxial side of the leaf as measuring light (ML) of ChIF yield. In
parallel with the ChIF detection, four dual-wavelength difference
transmittance signals in near-infrared (780-820, 820-870,
870-965 and 840-965nm wavelength pairs; NIR-ML) were mea-
sured and deconvoluted into relative redox changes of P700, PC and
Fd. The deconvolution depends on the selective differential
transmission spectra of P700, PC and Fd at these four wavelength
pairs, called ‘differential model plots’, which were determined a priori
on overnight dark-adapted plants following the default procedures
provided by the KLAS-100 software (Klughammer & Schreiber, 2016).
Specific differential model plots were determined for each genotype
and used for subsequent measurements for all plants of the same

genotype grown under the same environments.

2.3 | Light response curve measurement

Overnight dark-adapted plants were taken out of the climate
chamber at the end of the dark period of the day/night regime and
kept in the darkness until the measurements began in the laboratory.
The maximum oxidation of P700 (P,,,) and PC (PC,,,) and the maximum

reduction of Fd (Fd™,,) were determined for each dark-adapted plant
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by performing the NIR-MAX routine before starting the measure-
ments (Klughammer & Schreiber, 2016). Subsequently, the rapid light
response curve was measured for each plant by increasing the AL
intensity in eight steps: 67, 99, 133, 182, 247, 425, 671 and
1049 umol photonsm™2s™. The light remained constant at each
intensity for 60s (the instrument predefined protocol). The first
multiple-turnover SP (630 nm, 300 ms duration, 3700 umol photons
m~2s571) was given in the dark to determine the maximum yield of
ChlF, F,, to estimate the maximum quantum vyield of PSIl
photochemistry. After a 40-s delay, the AL was switched on and
increased in eight steps as described above. High-intensity SP
(630 nm, 300 ms duration, 17 000 umol photons m™2s™%) was given
at the end of each light step to estimate the quantum yields of PSI
and PSlI (see Lazér et al., 2022) and the apparent relative oxidation/
reduction of PC and Fd. Three to seven plants were measured as

biological replicates of each genotype.

2.4 | Harmonically oscillating light measurement
with saturation pulse analysis

The NIR-MAX routine was performed for each plant as described
above to determine the P, PC,, and Fd ., before measurements.
After that, the measurement combining harmonically oscillating light
with SPs was conducted. The first SP (630 nm, 300 ms duration,
3700 pumol photons m™2s™1) was given in the dark to determine the
Fin. Then, with a 25-s delay, the oscillating AL with 1/60 Hz (= period
of 60 s) was triggered and continued for 40 cycles. The first 10 cycles
were applied without SPs to establish a stationary dynamic pattern
and to allow the dark-adapted leaf to adapt to light. During these 10
cycles, the four dynamic signals (PSIl ChIF and relative redox changes
of PSI, PC and Fd) were recorded under oscillating light without any
interference from SPs. Starting from the 11th cycle, a high-intensity
SP (630nm, 300ms duration, 17 000 pmol photonsm™2s™%) was
triggered during each cycle (one SP per cycle) at different phases of
AL oscillation to cover the entire period of oscillation within 30 cycles
(Supporting Information S1: Figure SM1A). Therefore, the maximum
ChIF yield (F.,") at different phase of AL oscillation, as well as the
maximum oxidation of P700, PC (P,,’, PC.’) and maximum reduction
of Fd (Fd™,,') can be quantified. For detailed descriptions of the
combined measurement of photosynthetic efficiency under oscillat-
ing light, see (Lazar et al., 2022). Three different amplitudes of AL
oscillation were implemented, covering different light ranges on the
light response curves: 100-200, 100-400 and 100-800 pumol
photonsm™2s™. Due to the limitations of the DUAL-KLAS-NIR
instrument to adjust the light intensity levels, the oscillating AL was
modulated incrementally rather than smoothly. A comparison of the
real light modulation with the expected light modulation is shown in
Supporting Information S1: Figure SM1B. Three to seven plants were
measured as biological replicates for each genotype in each
amplitude of oscillation. Based on the values of ChIF and dual-
wavelength difference transmittance signals measured in the dark-
adapted state with and without the SP, and in the light-adapted state
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with the SP and just before application of the SP, quantum yields of
PSI and PSIl and apparent relative redox states of PC and Fd were
estimated (Lazar et al., 2022; Schreiber & Klughammer, 2016).

3 | RESULTS
3.1 | Rapid light response curves

The experiments started with measuring the rapid light response curves
with 60s dwell time at each light intensity step (Figure 1). The light
intensities used were from the ranges of light oscillations in the second
part of the experiments, as indicated by the arrows in Figure 1c. The
rapid light response curves show that the low-amplitude oscillations (LL)
were varying largely in the linear part of the rapid light response curves
whereas the high-amplitude oscillations (HL) reached, at their maxima,
into the saturation range of all probed signals.

The graphs represent (by different colours) data of wild types
(Col-0 and Col-gl1), npg mutants (npq1, npg4) and CET mutants
(crr2-2, pgrllab) of A. thaliana. The transmittance measurements
were used to determine PSI quantum vyields: the effective
photochemical quantum yield of PSI, Y(l) in Figure 1a; the quantum
yield of nonphotochemical energy dissipation in PSI due to donor
side limitation, Y(ND) in Figure 1b; and the quantum yield of
nonphotochemical energy dissipation in PSI due to acceptor side
limitation, Y(NA) in Figure 1c. The PSll-related parameters were
calculated from the ChIF measurements: the effective photo-
chemical quantum vyield of PSII, Y(ll) in Figure 1d; the quantum
yield of the regulated nonphotochemical quenching in PSII, Y(NPQ)
in Figure 1e; and the quantum yield of the constitutive (always
present) nonphotochemical quenching in PSII, Y(NO) in Figure 1f.
The coefficient of photochemical quenching gP in Figure 1g was
also evaluated from the ChIF measurements and served further as
a proxy for the fraction of open PSII centres (with Qa oxidised).
This interpretation of gP is based on the model of energetically
separated PSIl units (reviewed in Stirbet, 2013); existence of
energetic connectivity among PSlls was recently ruled out (Oja &
Laisk, 2020). The apparent relative oxidation of PC (PC Ox) and
apparent relative reduction of Fd (Fd Red) shown in
Figure 1h,i were also estimated from transmittance measurements.

Before describing the results, we want to make a note on the
PSIl quantum vyields determined from ChIF measurements by
means of application of the SPs. According to the original
hypothesis of Duysens and Sweers (1963), which is the theoretical
basis behind the evaluation of the PSIl quantum yields, the higher
the fraction of Qa~ is, the higher the ChIF emission will be.
However, as outlined in the introduction, changes in ChIF might
occur without changes of the redox state of Qa. In detail, if a
multiple turnover SP is applied, the ChIF rises during the pulse
even if Qa is reduced in the initial part of the pulse (a similar result
is obtained with a series of single turnover saturating flashes).
Therefore, the Fyy and Fy's might be overestimated, which affects
values of the PSIl quantum vyields (overestimated Y(Il) and
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FIGURE 1 The quantum yields of photosystems and redox states of electron carriers were evaluated in rapid light response curves with six
genotypes of Arabidopsis thaliana: Col-0, Col-gl1, npq1, npg4, crr2-2 and pgrllab (see legend in panel (a)). The quantum yields of photosystem |
and hotosystem Il functions are shown from panels (a) to (f), the apparent oxidation/reduction changes of plastocyanin (PC Ox) and ferredoxin
(Fd Red) are shown in panels (h) and (i), and panel (g) shows changes of gP. The error bars represent the standard error (n = 3-7). The horizontal
dashed arrows in panel (c) indicate the ranges of light intensity oscillation that were used in further experiments: low-light oscillations (LL, 100-
200 umol photons m™2s71), medium-light oscillations (ML, 100-400 umol photons m™2s™%) and high-light oscillations (HL, 100-800 pmol

photons m™2s7%). gP, the coefficient of photochemical quenching.

underestimated of Y(NO) and Y(NPQ)). Nevertheless, as discussed
by Oja and Laisk (2020), under natural light intensities, the
quantum yield of photosynthesis is indeed more or less propor-
tional to the efficient quantum vyield of PSIl photochemistry
determined by means of the SP-PAM measurement of ChIF. In
the case of the oscillating actinic light, we showed (Lazar
et al., 2022) that values of the PSIlI quantum yields corrected for
potentially overestimated Fy's are indeed changed but resulted
values of the vyields follow the same trends during oscillating
actinic light period as values of the yields calculated on the basis of
uncorrected values of Fy's. In this work, we assume (no data exist
against the assumption) that the potential overestimation of Fy's
is the same for all A. thaliana genotypes (wild types and all
mutants). Hence, since we are interested in changes (not values) of
the yields during the oscillating actinic light, the correction for

potentially overestimated Fp's would not affect a conclusion,
and therefore, we do not perform any correction of Fy's in
this work.

The rapid light response curves were different for different
reporter signals. On the extremes, Fd reduction state and PC
oxidation state were increasing with the constant light only below
200 umol photonsm™2s™!, whereas the yields of Y(I), Y(Il), Y
(NPQ) reached stationary levels in all tested genotypes only
above 500 pmol photons m™2s™%. The curves representing quan-
tum yields related to the PSI function, Y(I), Y(NA) and Y(ND)
(Figure la-c) were similar across all genotypes except for the
pgrllab. When PAR rose from low levels, Y(NA) of all genotypes
(Figure 1c), except pgrllab, decreased rapidly as downstream
reactions at the PSI acceptor side were activated by light, and Y
(ND) was subsequently enhanced (Figure 1b). In the pgrilab
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mutant, however, the Y(NA) largely increased with rising light
intensity while Y(ND) stayed low at all light intensities.

The dynamics of Y(NA) and Y(ND) were consistent with the
redox states of Fd at the acceptor side of PSI and PC at its donor side.
In the Col-0, PC rapidly reached a fully oxidised state at AL intensity
of about 200 pmol photons m™2?s™! and higher (Figure 1h), while Fd
was partially reduced with increasing light and then remained
relatively stable (Figure 1i). In contrast, pgrllab showed a substan-
tially higher reduction level of Fd (Figure 1i) and a decreased level of
PC oxidation (i.e. higher PC reduction) than Col-O (Figure 1h). The
electron congestions at the acceptor side of PSI appeared to limit the
efficiency of electron transport throughout the entire electron
transport chain in pgrilab, as indicated by the lower fraction of the
open PSII reaction centres (proxied by gP) in this mutant (Figure 1g).
The changes in Y(I), Y(NA) and Y(ND) in the other CET mutant, crr2-2,
were identical to its wild-type Col-gl1 in constant light illumination
(Figure 1a-c) except at the low light intensities in which Fd was less
reduced in crr2-2 than in Col-gl1 (Figure 1i). The npql and npg4
mutants were largely comparable with Col-O in the PSl-related
qguantum vyields (Figure 1a-c) and the redox changes of PC and Fd
(Figure 1h,i), although Fd tended to stay more oxidised in npq1 than
the others.

Y(Il) was generally comparable among the genotypes, with a
slightly lower value in the prgllab mutant (Figure 1d). Y(NPQ) of
both npgl and npg4 was considerably lower than that of Col-0
(Figure 1e) due to the gqE deficiency (Li et al., 2000; Niyogi
et al., 1998); since the PsbS- and VDE-dependent mechanisms are
activated independently (Holzwarth et al., 2006; Li et al., 2000), a
residual gE was present in particular mutants. The lower level of Y
(NPQ) in the npq1 and npq4 was compensated by a higher level of
Y(NO) (Figure 1f), resulting in the same sum of Y(NPQ) and Y(NO)
for the npg mutants and Col-0 (since Y(Il) + Y(NPQ) + Y(NO) = 1).
The pgrllab mutant also had lower Y(NPQ) than Col-0 (Figure 1e),
consistent with the role of the PGR5/PGRL1-CET in lumen
acidification and thus the gE induction (DalCorso et al., 2008;
Munekage et al., 2002). The effects of lacking different protective
mechanisms on the induction of qE can also be visualised by the
commonly used NPQ parameter, which equals to Y(NPQ)/Y(NO),
(reviewed in Lazar, 2015). Therefore, changes in the NPQ
parameter (Supporting Information S1: Figure SM2A) can be
expected based on the values of Y(NPQ) and Y(NO) shown in
Figures 1e, f. Contrary to pgrllab, Y(NPQ) and NPQ parameter of
the crr2-2 mutant was the same as that of Col-gl1, supporting the
notion that the NDH-like-CET may not be essential for the
regulation of qE and electron transport in relatively constant
excess light conditions (Hashimoto et al.,, 2003). However, we
cannot rule out the possibility that a lack of NDH-like CET was
(partly) compensated by PGR5/PGRL1 CET as was found in
measurements with PGR5/PGRL1 and NDH-like CET double
mutants (Nakano et al., 2019).

The Y(I)-Y(ll) parameter (Huang et al, 2011; Miyake
et al., 2005; Sagun et al., 2019; Yamori et al., 2011) (Supporting
Information S1: Figure SM2B) was used to estimate the quantum
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yield of CET. The Y(I)/Y(ll) parameter (Kono et al., 2014; Miyake
et al., 2005; Yamori et al.,, 2011) (Supporting Information S1: -
Figure SM2C) represents the relative quantum yield of CET. While
Y(1)/Y(ll) showed a seeming advantage for discriminating differ-
ences among the genotypes, it is important to keep in mind that a
high value of Y(1)/Y(ll) might simply be caused by unchanged Y(I)
with Y(Il) approaching zero, as is the case in the pgrllab, npq1 and
npg4 mutants (cf. Figure 1a,d and Supporting Information S1: -
Figure SM2C). Notably, the absence of the PGR5/PGRL1-CET did
not result in a low level of Y(I)-Y(ll) or Y(I)/Y(ll), as the pgrllab
mutant showed high levels of both parameters (Supporting
Information S1: Figure SM2B,C). The potentially overestimated
Fnm' values (see above) might even underestimate values of Y(I)-Y
(1) and Y(1)/Y(ll). We further note that unspecified effects caused
by mutations other than those related to the PGRL1A and PGRL1B
proteins, as was found for the pgr5-1 mutant (Wada et al., 2021),

5hopel mutant

can be ruled out in the pgrl1ab mutant, since the pgr
lacking only the PGRS5 protein has the same phenotype as pgrilab
mutant (Wada et al., 2021).

In summary, the pgrilab, npql and npg4 mutants showed
altered phenotypes compared to their wild-type Col-O when
exposed to AL of 60 s constant intensity during the light response
curve measurements, whereas the crr2-2 mutant was largely
indistinguishable from its wild-type Col-gl1. These results confirm
the previously described phenotypes of these mutants (DalCorso
et al., 2008; Hashimoto et al.,, 2003; Li et al., 2000; Niyogi
et al., 1998).

3.2 | Saturation pulse analysis under light
oscillating with frequency of 1/60 Hz (period of 60 s)

Three different amplitudes, low-light (LL, 100-200 umol photons
m~2s71), medium-light (ML, 100-400 pmol photons m2s7%) and
high-light oscillations (HL, 100-800 pumol photons m™2s™%) were
applied to study plant dynamics reaching from light-limited to
light-saturated levels (Figure 1, Supporting Information S1: -
Figure SM1B). A single frequency of 1/60s™! of the light
modulation was applied in this study (other frequencies were
explored in Niu et al., 2023). The quantum yields and redox states
were probed by SPs of light, one pulse per period, that were given
on top of the AL oscillations, always slightly phase-shifted. In this
way, the dynamics of the measured signals were probed with a
minimal disruption along the entire period (see Section 2 and
Supporting Information S1: Figure SM1A).

The results are presented in Figures 2-5 in a condensed way
where the response to individual SP is plotted relative to the phase
of the light oscillation at which the pulse was applied. Namely, the
phases 0° and 360° represent SPs that were applied at the
minimum of the light oscillation, 60s apart. The phase 180°
represents an SP that was given at the maximum of the light
period, 30s from the light minima. Circles, triangles and squares
represent the LL, ML and HL oscillations, respectively. Different
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FIGURE 2 Changes in photosystem I- (a - c) and photosystem ll-related (d - f) quantum vyields of the three qE-related genotypes of
Arabidopsis thaliana, Col-0, npg1 and npqg4, under three different amplitudes of oscillating light ranging from 100 to 200 umol

photons m 2™, 100 to 400 umol photons m™2s™1 and 100 to 800 umol photons m™2s™ 1. The error bars represent the standard error (n =
3-7). gE, energy-dependent nonphotochemical quenching. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Changes of the apparent relative oxidation of plastocyanin (PC Ox, a) and reduction of ferredoxin (Fd Red, b) in response to three
different amplitudes of oscillating light for the three qE-related genotypes of Arabidopsis thaliana, Col-0, npq1 and npg4. The oscillating light
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The error bars represent the standard error (n = 3-7). qE, energy-dependent nonphotochemical quenching. [Color figure can be viewed at
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colours denote plant genotypes, as explained in legends placed in

one of the figure panels.

3.2.1 | The Col-0 wild type and npg mutants

The oscillating light-induced modulations in the PSI- and PSlI-related
quantum vyields were generally small in LL oscillation but became
larger as the light oscillating amplitudes increases (with the exception
of Y(NA), Figure 2c). Notably, the changes in Y(l) (Figure 2a), Y(II)
(Figure 2d) and Y(ND) (Figure 2b) show nearly symmetrical patterns
closely mirroring the light modulation. The minimum of Y(I) and Y
(II) and the maximum of Y(ND) coincided with maximum of light
oscillations (phase 180°). A contrasting response to the light
oscillations was found with Y(NA) in Figure 2c, which remained
below 20% across all genotypes and light intensities, essentially
unaffected by the light oscillations. The trend of Y(ND) (Figure 2b)
complements that of Y(I) (Figure 2a). These phenomena held true for
the wild-type Col-0 and both npg mutants.

Another contrasting dynamic response was found with Y(NPQ) in
Figure 2e. The minima and maxima of Y(NPQ) were delayed by
approximately 45° (7.55s) relative to the course of HL oscillation,
reflecting the time necessary to activate and deactivate the
regulatory gE. The strength of the regulatory response was increasing
with amplitude of the light and was, understandably, stronger in the
Col-0 wild type (green lines and symbols) compared to the qE-
impaired mutants npq1 (pink lines and symbols) and npg4 (dark blue
lines and symbols). The gE response was weaker in npg4 than in npq1.

The weak Y(NPQ) responses in the npg mutants were compen-
sated by increased levels and modulation of the quantum yield of the
constitutive nonphotochemical quenching in PSII, Y(NO) in Figure 2f.

As a result, the sum of Y(NPQ) and Y(NO) was about the same for
Col-0 and the npg mutants for the given range of the sinusoidal
illumination, as deduced from roughly the same magnitudes of Y(Il)
(Figure 2d) in all three (with slightly lower values in the mutants
compared to Col-0 in ML and HL oscillations) and considering that Y
(1) + Y(NPQ) + Y(NO) = 1. Interestingly, the strongest response of Y
(NO) in the Col-0 wild type (green, Figure 2f) during the rising phase
of the light oscillation, between 90° and 180°, again compensated for
the delayed Y(NPQ) (green, Figure 2e). This qualitative pattern was
also found in both mutants with HL (squares) and ML oscillations
(triangles). The low-light oscillations (circles) were not strong enough
to elicit similar response in the mutants.

It should be noted that the NPQ parameter (= Y(NPQ)/Y(NO))
of both npgl1 and npg4 displayed roughly monotonically increas-
ing trends in all oscillating light amplitudes (Supporting Informa-
tion S1: Figure SM3A). However, it is premature to draw the
conclusion that gE of both mutants does not respond to
oscillating light illumination based solely on this parameter. Such
a conclusion is not supported by the courses of Y(NPQ) and Y(NO)
(Figure 2e,f).

Generally, in comparison to wild-type Col-0, the npgl and
npg4 mutants displayed little difference in their responses
concerning PSl-related quantum yields, Y(l), Y(ND) and Y(NA)
(Figure 2a-c). This implies that the defects in qE had barely any
impact on PSI functionality, encompassing both its donor and
acceptor sides. Regarding PSlI-related quantum vyields, while an
apparent reduction of Y(NPQ) was shown in mutants (Figure 2e),
the trend in Y(Il) (Figure 2d) was similar between the npg mutants
and wild-type Col-0. Minor difference occurred primarily in the ML
and HL oscillations (Figure 2d), where the mutants displayed
slightly lower Y(I1) than wild-type Col-0, with npg4 exhibiting lower
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FIGURE 4 Changes in photosystem |- (a-c) and photosystem ll-related (d-f) quantum yields of the three CET-related genotypes of
Arabidopsis thaliana, Col-gl1, crr2-2 and pgrllab, under three different amplitudes of oscillating light ranging from 100 to 200 pumol

photons m™2s7%, from 100 to 400 umol photons m™2s™* and from 100 to 800 umol photons m™2s™2. The error bars represent the standard error
(n=3-7). CET, cyclic electron transport. [Color figure can be viewed at wileyonlinelibrary.com]

values than npqg1. This suggests that the ability of the npq mutants For the npg mutants and their corresponding wild-type Col-0, the
to maintain PSII efficiency under oscillating light illumination was oxidation process of PC under LL oscillation (cycles, Figure 3a) closely
slightly restricted compared to their wild-type Col-0, with the npq4 followed the course of the light intensity changes, but stayed at the
performing worse than the npq1 (Figure 2d). maximal oxidation even before and following the maximum of the
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oscillating light intensity (spanning phases approximately from 135°
to 225°). Under ML and HL oscillations (triangles and squares,
Figure 3a), the saturation of PC oxidation was more pronounced,
maintaining maximum oxidation between phases approximately from
90° to 270°. In contrast, the redox state of Fd exhibited limited
alignment with light oscillations, irrespective of the genotype or light
oscillation amplitude (Figure 3b). Notably, npg4 and npq1 consistently
exhibited lower levels of Fd reduction compared to Col-O across all
oscillating light amplitudes.

In addition, the impact of the gE deficiency on CET in oscillating
light was elucidated in Supporting Information S1: Figure SM3. Both
npq mutants had elevated quantum vyields of CET, Y(I)-Y(ll), in
comparison to Col-0 under LL and ML oscillations, but showed similar
levels as Col-0 under HL oscillations (Supporting Information
S1: Figure SM3B). A more dramatic contrast appeared in the relative
quantum yields of CET, Y(I)/Y(ll), which followed the course of light
oscillations with more substantial modulations in HL oscillation and
fewer changes in LL oscillation (Supporting Information S1: -
Figure SM3C). Both npg mutants exhibited higher Y(I)/Y(Il) than
Col-0, with the npg4 showing the highest values. These results
suggest that a potential enhancement of CET might occur in npg
mutants as a mechanism to alleviate the pressure on electron
transport chain under oscillating light conditions. This may partly
explain the less reduction of Fd in npg mutants than in Col-0
(Figure 3b).

3.2.2 | The CET mutants

The wild-type Col-gl1 (background of crr2-2) behaved in much the
same way as the wild-type Col-0 (background of pgrllab) in terms of

. The error bars represent the standard error (n = 3-7). CET, cyclic electron transport. [Color figure can be viewed at

the dynamics of all tested photosynthetic parameters under light
oscillations (cf. green symbols and lines in Figure 2 and gold symbols
and lines in Figure 4).

Regarding the changes in Y(I) and Y(ll) of crr2-2 in oscillating
light, they were roughly similar to those of Col-gl1, with some
differences (light blue and gold symbols and lines, Figure 4a,d).
Both Y(l) and Y(Il) were slightly lower in crr2-2 than in Col-gl1
under LL oscillation. Under ML oscillations, crr2-2 showed
constrained recovery of Y(l) and Y(ll) as the light approached the
lowest intensity, particularly around phases 0°-60° and
300°-360°. During HL oscillation, Y(l) (Figure 4a), but not Y(ll)
(Figure 4d) in crr2-2 was higher than in Col-gl1 around the
maximum intensity of oscillating light. The most distinctive feature
of the crr2-2 mutant, in contrast to Col-gl1, was its smaller donor
side limitation of PSI (Y(ND), Figure 4b) but higher acceptor side
limitation of PSI (Y(NA), Figure 4c) under ML and HL oscillations.
This contrast was especially evident during the ascending phase of
HL oscillation, where Y(NA) of crr2-2 exhibited a peak at
approximately 90° phase (squares with light blue in Figure 4c)
accompanied by a shallow depression phase of Y(ND) (Figure 4b).
These results suggest that the absence of NDH-like-CET might
diminish the capacity of the PSI acceptor side to relieve electron
pressure in the initial rising phase of HL oscillation.

The pgrllab mutant had significantly lower photochemical
efficiencies of both PSI and PSIlI (magenta symbols and lines in
Figure 4a,d) when compared to Col-O (green symbols and lines in
Figure 2a,d) and the other plants, regardless of the oscillation
amplitude. Under all oscillation amplitudes, this mutant consistently
displayed notably higher Y(NA) (Figure 4c), while Y(ND) was entirely
absent (Figure 4b). These data highlight the essential role of PGR5/
PGRL1-CET in facilitating electron release at the PSI acceptor side
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and oxidation at the PSI donor side under oscillating light, regardless
of the amplitude.

Notably, mutants with CET defects exhibited variations in their
NPQ-related parameters compared to their respective wild types,
with two mutants showing entirely distinct behaviours. The crr2-2
mutant had the same course and slightly higher values of Y(NPQ) as
Col-gl1 under LL oscillations, with notably higher values at the
beginning and end phases of the oscillation period under ML and HL
oscillations (Figure 4e). Conversely, in comparison to Col-O (green,
Figure 2e), Y(NPQ) of the pgrllab mutant (magenta, Figure 4e) was
lower at the beginning but higher at the end phase of the oscillation
period, indicating that the course of Y(NPQ) in pgrilab did not follow
the course of the oscillating light intensity. Apparent differences
between CET mutants and their respective wild types were also able
to be observed in the NPQ parameter (Supporting Information
S1: Figures SM4A and SM3A). The NPQ parameter in crr2-2 followed
a similar pattern to Col-gl1 but with remarkably higher values in all
amplitudes of light oscillation (Supporting Information S1: -
Figure SM4A). Conversely, values of NPQ parameter of pgrliab were
much lower (Supporting Information S1: Figure SM4A) than those of
Col-0 and followed the same courses as seen in both npq1 and npgq4
mutants in all oscillation amplitudes (Supporting Information S1: -
Figure SM3A). The delay in Y(NPQ) minima and maxima relative to
light oscillations, previously observed in Col-O wild type and npq
mutants (Figure 2e), was also present in the crr2-2 mutant and Col-
gl1 wild type (approximately 45° phase delay relative to the course of
HL oscillation, 7.5s) (Figure 4e). In the case of NPQ parameter, a
similar delay was observed in crr2-2 and Col-gl1 (Supporting
Information S1: Figure SM4A), but it was more pronounced to
approximately 90° (15s) phase delay relative to the course of HL
oscillation. In the pgrllab mutant (Figure 4e), there was still an
observable delay of Y(NPQ), but it was highly overshadowed by the
overall upward trend.

In Col-gl1 and both CET mutants, the courses of Y(NO) aligned
with the changes of light intensity in LL oscillation (Figure 4f).
However, this alignment was substantially distorted in ML and HL
oscillations of Col-gl1, as well as in HL oscillation of both mutants.
The delayed responses of Y(NPQ) (Figure 4e) seem to be partially
compensated by the increased levels and modulation of Y(NO)
(Figure 4f). For LL oscillation, Y(NO) of crr2-2 closely resembled that
of Col-gl1 (Figure 4f), whereas Y(NO) of pgrllab was much higher
than that of Col-0 (Figure 2f). For ML and HL oscillations, Y(NO) of
crr2-2 was lower than Y(NO) of Col-gl1 in the raising phase of light
oscillation, whereas Y(NO) of pgrl1ab remained well above Y(NO) of
Col-0 (Figures 2f and 4f). Similar to the npg mutants (Figure 2e,f), the
consistently enhanced Y(NO) in pgrllab may act to partially
compensate the lower Y(NPQ) (Figure 4e,f). Considering again that
Y(I1) + Y(NPQ) + Y(NO) = 1, the sum of Y(NPQ) and Y(NO) was slightly
higher for crr2-2, but considerably higher for pgrilab than in their
respective wild types (Figures 2d and 4d).

The PC oxidation in crr2-2 was smaller than in Col-gl1 during LL
oscillation, and smaller at the beginning and the end phases of
oscillation in ML and HL oscillations (Figure 5a). Regarding the PSI

acceptor side, Fd (Figure 5b) in crr2-2 was more reduced than in Col-
gl1, especially evident in ML and HL oscillations where a peak can be
observed in crr2-2 at roughly 90° phase. The lower oxidation of PC
(Figure 5a) and higher reduction of Fd in crr2-2 (Figure 5b) compared
to Col-gl1 were consistent with a smaller Y(ND) (Figure 4b) and a
larger Y(NA) (Figure 4c) in this mutant, further confirming that the
absence of NDH-like-CET caused PSI| acceptor side limitation,
particularly in ML and HL oscillations.

On both the PSI donor and acceptor sides, the pgrllab mutant
(Figure 5) had dramatic differences from its wild-type Col-O (Figure 3).
The mutant exhibited markedly higher Fd reduction (Figure 5b) and
consistently low and relatively stable PC oxidation (Figure 5a),
irrespective of the amplitude of the oscillating light. These findings
were in line with the strong Y(NA) (Figure 4c) but zero Y(ND) (Figure 4b)
observed in pgrllab and provided further indication that electron
congestion occurred in the PSI acceptor side of pgrllab in all intensities
of oscillating light.

An intriguing phenomenon occurred in pgrilab was that certain
parameters showed different values at the beginning and end of the
oscillation period, namely, Y(1), Y(NA), Y(Il), Y(NPQ) (Figure 4a,c-e) and
Fd reduction (Figure 5b). The lower values of Y(Il) and Y(l) at the end
than at the beginning of the light oscillation period were counter-
balanced by higher values of Y(NPQ) and Y(NA), respectively. This was
consistently observed in pgrilab and was more pronounced in HL than
in ML oscillations. Given that this behaviour occurred only in the pgrilab
mutant, it reflects its functional characteristics rather than measurement
errors.

In terms of the quantum vyield of the CET (Supporting
Information S1: Figure SM4B), Y(I)-Y(Il) in crr2-2 was lower in LL
oscillations but higher in HL oscillations when compared to Col-gl1.
For the relative quantum yield of the CET, Y(I)/Y(ll), crr2-2 also
displayed higher values than Col-gl1 under HL oscillations (Support-
ing Information S1: Figure SM4C). In contrast, for pgrllab mutant,
both Y(I)-Y(Il) (Supporting Information S1: Figure SM4B) and Y(I)/Y(ll)
(Supporting Information S1: Figure SM4C) showed lower values than
in Col-0 (Supporting Information S1: Figure SM3B,C) in all oscillation
amplitudes. Notably, the Y(1)/Y(Il) of pgrilab showed a bumpy pattern
in HL oscillation, with distinct decreases at about 70° and 280°
phases, but a peak at approximately 180° phase (Supporting
Information S1: Figure SM4C).

4 | DISCUSSION

4.1 | Regulation of qE occurs at all tested intensity
ranges of oscillating light

Both the VDE- and PsbS-dependent qE components are indispens-
able in dealing with fluctuating light (Kilheim & Jansson, 2005;
Kilheim et al., 2002; Sylak-Glassman et al., 2014). The rate of gE
induction is governed by the PsbS-protein, but the amount of energy
that can be quenched is determined by both PsbS- and VDE-
dependent processes (Niu et al., 2023; Sylak-Glassman et al., 2014).
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Our results here in 60s period of oscillation support these previous
findings: the Y(NPQ) of the npq1 and npg4 mutants was consistently
lower than that of Col-O across all amplitudes of oscillating light
(Figure 2e). Thus, both VDE- and PsbS-dependent processes
contribute to the gE in all intensities of light oscillations studied here.

Both npg mutants showed increased CET (Supporting Informa-
tion S1: Figure SM3B,C), which aligns with less reduction of Fd in
these mutants than in Col-O (Figure 3b). This finding suggests that
increased CET in the npg mutants (Supporting Information S1: -
Figure SM3B,C) may represent a compensatory defence mechanism
to counteract their inability to quench effectively. However, this
increased CET in the npg mutants does not lead to increased
photosynthesis control. If such control was present, it would be
reflected in elevated Y(ND) (Figure 2b) and increased PC oxidation
(Figure 3a) in the npg mutants compared to Col-0. Therefore, the
apparent increase in CET, evaluated as Y(I)-Y(Il) and Y(I)/Y(ll), might
be unreal and alternative electron transport (AET) routes (e.g. Mehler
reaction) might contribute to the evaluated CET. Contribution of AET
to the evaluated CET is expected owing to (i) the existing lateral
heterogeneity of PSIl and PSI (e.g. Tikhonov, 2023) and the fact that
(ii) turnover time of PSIl is about one order of magnitude slower
(milliseconds; Ananayev & Dismukes, 2005; Crofts & Wraight, 1983)
than that of PSI (a hundred of microseconds; Bottin & Mathis, 1985;
Sétif & Bottin, 1995). With respect to (i), electrons from PSls located
in stroma lamellae can flow to AET and thus increase Y(I) but not
affecting Y(Il). With respect to (ii), faster turnover time of PSI, even if
PSls are located in the same TM of a granum as PSlls, enables

electron flow from PSls to AET without affecting Y(Il).

4.2 | The quantum yield of constitutive
nonphotochemical quenching is not constant and
depends on intensity of actinic light

The changes in the amplitude of Y(NPQ) in the npg mutants
(Figure 2e) were accompanied by compensative quantitative changes
of Y(NO) for all amplitudes of light oscillations (Figure 2f). Similar
changes were also observed for Y(NO) and Y(NPQ) in the pgrliab
mutant (Figure 4e,f). Moreover, the course of Y(NO) of both wild
types in ML and HL oscillations, as well as that of the pgrilab and
crr2-2 mutants in HL oscillations (Figures 2f and 4f), deviated from
the course of light oscillation and compensated to some extent for
the delayed response of Y(NPQ) (Figures 2e and 4e). It means that
the quantum yield of constitutive nonphotochemical quenching of
excitation energy, Y(NO), which includes deactivation of the
excitation energy via ChIF and via constitutive heat dissipation, is
not constant at different light intensities and nonlinearly depends on
light intensities. The fact that Y(NO) is not constant and appears to be
‘regulated’ has been noticed before (Han et al, 2022; Lazar
et al., 2022). The simplest explanation for observed changes of Y
(NO) might be attributed to the light-induced changes in Y(II) and Y
(NPQ) since Y(NO) = 1 - Y(Il) - Y(NPQ). However, it has been reported
that changes in Y(NO) qualitatively agree with changes in ChlF signal
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during light oscillations and that TM voltage-dependent nonradiative
charge recombination is probably involved in modulating the ChIF
signal, and consequently Y(NO) (Lazar et al., 2022). Thus, the
quantum vyield of constitutive nonphotochemical quenching, Y(NO),
also denoted as Y(f,D) (reviewed in Lazar, 2015) seems to be also
regulated.

4.3 | The PGR5/PGRL1-CET is crucial in oscillating
light of different amplitudes

Light changes with large magnitude were typically employed to
investigate the role of CETs in response to light fluctuations (Kono
& Terashima, 2016; Yamamoto & Shikanai, 2019; Yamori
et al.,, 2016; Zhou et al., 2022), most of which can even lead to
partial photoinhibition in wild-type organisms. In this study, we
examined the physiological roles of PGR5/PGRL1-CET and NDH-
like-CET in regulating photosynthesis under different amplitudes
of light oscillations while applying the SPs during the oscillations.
This way, we were able to explore the effects of these two CET
pathways in detail during both the rising and declining phases of
light intensity changes.

Regardless of the amplitudes of the light oscillations, pgrilab
mutant showed a striking contrast to Col-0. It displayed higher Y(NA),
lower Y(I) and Y(ll), while Y(ND) remained at zero (Figure 4). This
supports earlier findings that the absence of PGR5/PGRL1-CET
causes severe PS| acceptor side limitation leading to a substantial
reduction in the efficiency of both PSI and PSII under fluctuating light
conditions (Shimakawa & Miyake, 2018; Suorsa et al., 2012, 2013;
Yamamoto & Shikanai, 2019; Yamori et al., 2016). The marked
reduction of Fd (Figure 5b) and PC (Figure 5a) further supports the
notion that the entire electron transport chain is substantially
reduced in the absence of PGR5/PGRL1-CET.

Interestingly, pgrllab mutant shows lower values of Y(l), Y(II)
(Figure 4a,d) and a more reduced Fd (Figure 5b), and higher values of
Y(NA) and Y(NPQ) (Figure 4c,e) at the end than in the beginning of
the HL, but also ML oscillations. If gE is responsible for the higher
values of Y(NPQ) (Figure 4e) at the end than in the beginning of the
oscillations, a decreased proton efflux via ATP-synthase (Avenson
et al., 2005; Degen et al, 2023) when PGR5/PGRL1-CET is
malfunctioned, could be the reason for the accumulation of protons
in lumen. However, it is more likely that the lower values of Y(I), Y(II)
(Figure 4a,d) and the higher values of Y(NPQ) (Figure 4e) at the end
than in the beginning of the oscillations reflect photoinhibition of PSI
and PSIl, and photoinhibitory nonphotochemical quenching, rather
than gE. The lack of qE in the pgrl1ab mutant is also supported by the
greater contribution of PGR5/PGRL1-CET to lumen acidification
compared to NDH-like-CET (Degen et al, 2023; Kawashima
et al., 2017; Wang et al, 2015). Thus, in agreement with the
literature (Kono & Terashima, 2016; Kono et al., 2014; Shimakawa &
Miyake, 2018; Yamamoto & Shikanai, 2019; Yamori et al., 2016; Zhou
et al., 2022), our data indicates that PGR5/PGRL1-CET protects
plants from photodamage in light fluctuations.
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The decreased PC oxidation (Figure 5a), absence of Y(ND)
(Figure 4b) and the decoupling of P700 redox state from PSll
reduction found in pgrilab (Supporting Information S1: -
Figure SM5A-C) collectively indicate that photosynthesis control at
Cyt bé/f does not operate effectively in the absence of PGR5/
PGRL1-CET, leading to electron congestion in PSI (Suorsa et al., 2012;
Yamori & Shikanai, 2016). In wild-type plants, PGR5/PGRL1-CET
plays a role in generating a pH difference across the TM (Kawashima
et al., 2017; Wang et al., 2015), which is critical for supplying ATP
required for downstream carbon fixation and for preventing photo-
damage (Ma, et al.,, 2021a). This is accomplished in wild types by
inducing excess energy dissipation, as reflected in Y(NPQ) (Figure 4e)
(Johnson et al., 2014; Miuller et al., 2001), and by regulating the rate
of electron transport via photosynthesis control (Supporting Infor-
mation S1: Figure SM5A-C) (Suorsa et al, 2012; Yamori &
Shikanai, 2016). However, neither of these mechanisms is functioning
well in pgrllab. This suggests that lumen acidification in pgrilab was
reduced (Degen et al., 2023; Kawashima et al., 2017; Wang
et al.,, 2015), resulting in impaired photosynthesis control (Supporting
Information S1: Figure SM5A-C) and restricted gE (Figure 4e).

4.4 | The NDH-like-CET acts as a safety valve to
protect PSI in high amplitude of oscillating light

Despite significant advances in resolving its structure (Kouril et al., 2014;
Ma, et al, 2021b; Peltier et al., 2016), our understanding of the
physiological role of NDH-like complex remains incomplete. The
absence of NDH-like-CET led to a diversity of behaviours under
different environmental stresses in different species (Yamori &
Shikanai, 2016). Previous studies in A. thaliana showed mixed results
regarding the impact of NDH-like-CET deficiency on photosynthetic
performance under fluctuating light conditions. Some studies reported
no significant difference compared to the wild types (Kono et al., 2014;
Suorsa et al., 2012), while others found that the lack of NDH-like-CET
limited PSI oxidation (Kono & Terashima, 2016; Shimakawa &
Miyake, 2018; Zhou et al., 2022). The concept of NDH-like-CET as a
safety valve was proposed previously based on the observation that
double mutants defective in both PGR5/PGRL1-CET and NDH-like-CET
exhibited greater suppression of pmf accumulation, P700 oxidation and
lower electron transport efficiency in constant light than single mutants
lacking PGR5/PGRL1-CET (Munekage et al., 2004; Nakano et al., 2019;
Wang et al,, 2015; Yamamoto et al., 2011). However, taken together
with the fact that single mutant defective in NDH-like CET showed in
these studies only small differences when compared with the wild types,
the lack of NDH-like CET can be probably (partly) compensated by
PGR5/PGRL1 CET. Here, we directly demonstrated the safety valve
function of NDH-like-CET by comparing the performance of multiple
components in the electron transport chain between the crr2-2 mutant
and its wild-type Col-gl1, under different amplitudes of light oscillations.

In the present study, crr2-2 exhibited limitations on the PSI
acceptor side, particularly pronounced during the light rising phase of
HL oscillation (Figures 4c and 5b), whereas the PSI donor side was

less limiting than in Col-gl1 (Figures 4b and 5a). These differences
were observed under oscillating light of all three amplitudes (LL, ML
and HL), but not during the light response curve measurements
(Figure 1b,c,h,i). In the case of HL oscillation, we noted that the initial
increase in Y(NA), accompanied by a shallow depression phase of Y
(ND) (Figure 4b), was partly alleviated as the intensity of oscillating
light approached its maximum at a 180° phase (Figure 4c). Such
dynamic redox changes in the PSI donor and acceptor sides are
difficult to monitor in a rectangular light condition, where light
intensity changes abruptly (Kono & Terashima, 2016; Zhou
et al., 2022). The decline of Y(NA) at the phase of maximal light
intensity in HL oscillation may reflect enhancement of PGR5/PGRL1-
CET (Supporting Information S1: Figure SM4B,C) or AETs (see the
reasoning above), such as the Mehler reaction, which could
compensate for the NDH-like-CET defect.

Interestingly, the crr2-2 mutant showed consistently higher Y(NPQ)
and NPQ parameter than Col-gl1 at all oscillating light conditions
(Figure 4e and SM4A). This was also observed by Shimakawa and
Miyake (2018) under oscillating light with the same period but higher
amplitude (30-1970 pmol photons m™2 s™%), whereas it was not the case
under rectangular light changes, where Y(NPQ) in crr2-2 was roughly the
same as in its wild type (Kono & Terashima, 2016; Zhou et al., 2022).
The NDH-like complex is able to transport electrons from Fd to
plastoquinone while simultaneously causing accumulation of protons in
lumen, not only via oxidation of reduced plastoquinone molecules at Cyt
bé/f but also by transporting protons from stroma to lumen by itself
(Koufil et al., 2014; Laughlin et al., 2020; Strand et al., 2017). Despite
this expected superior proton transport ability of the NDH-like complex,
its absence does not apparently impair the induction of qE, suggesting a
low turnover rate of the NDH-like-CET (Joliot & Joliot, 2005; Okegawa
et al., 2008). Linear electron transport and the PGR5/PGRL1-CET, along
with other AETs, may already be sufficient to decrease luminal pH and
induce gE, especially for light intensities exceeding 200 umol photons
m™2s™? (Nakano et al., 2019).

To further elucidate the impact of the absence of NDH-like-CET
on luminal pH, we also assessed the correlation between P and
P700 reduction (Supporting Information S1: Figure SM5A-C), which
mirrors the state of photosynthesis control. Under HL oscillation,
crr2-2 had more reduced PSI compared to Col-gl1 while maintaining
the same PSII openness (Supporting Information S1: Figure SM5A);
this effect was, however, not visible in ML and LL oscillations
(Supporting Information S1: Figure SM5B,C). It seems that the
absence of NDH-like-CET may moderately retard lumen acidification,
and consequently, the induction of photosynthesis control under HL
oscillation. However, this absence does not appear to affect the
induction of qE (Figure 4e). This agrees with the facts that pmf is only
slightly lower in mutants lacking NDH-like-CET compared to wild
type (Wang et al., 2015) and that NDH-like-CET contributes only by
about 5% to the total ApH across the TM (Kawashima et al., 2017). It
is also consistent with the fact that gE requires less acidified lumen
than the photosynthesis control does (Schansker, 2022).

These findings collectively suggest that the NDH-like-CET may
function as a safety valve when the amplitude of light oscillations is
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high, alleviating the electron pressure on the PSI acceptor side and
enhancing ApH formation across TM, thereby effectively inducing
photosynthesis control. Furthermore, under conditions where photo-
synthesis control was less obvious such as in LL and ML oscillations
(Supporting Information S1: Figure SM5B,C), the absence of NDH-
like-CET in crr2-2 resulted in more reduced PSI donor and acceptor
sides (Figure 5) and slightly lower Y(I) and Y(ll) (Figure 4a,d). This
suggests that NDH-like-CET may contribute to the maintenance of
efficient linear electron transport under these conditions. While not
indispensable, the NDH-like-CET does support rapid regulations in
response to oscillating light, which is essential for optimising
photosynthesis in dynamically changing light environments.

4.5 | Complementary effects among multiple
protective regulatory mechanisms

Long-term acclimation to fluctuating light involves alterations in gene
expression and protein abundance (Alter et al., 2012; Barker
et al., 1997; Gjindali et al., 2021; Schneider et al., 2019; Vialet-
Chabrand et al, 2017; Wei et al., 2021), resulting in enhanced
regulatory mechanisms. Plants grown in fluctuating light have
increased gE, attributed to higher amounts of PsbS protein and
enzymes involved in the xanthophyll cycle, compared to plants grown
under constant light (Alter et al., 2012; Caliandro et al., 2013;
Schneider et al., 2019; Wei et al., 2021). Some genes and proteins
associated with NDH-like-CET and PGR5/PGRL1-CET are also
upregulated in response to long-term fluctuating light (Niedermaier
et al., 2020; Schneider et al., 2019; Suorsa et al., 2012).

In this study, plants grown under constant low light were
exposed to oscillating light only during measurements. This short-
term light oscillation revealed rapid complementary effects among
different protective mechanisms, particularly pronounced in mutants
lacking one or the other regulatory mechanisms. Further studies are
required to explore these interactions. Here is a brief summary of
observed interplays among multiple regulatory processes in tested

oscillating light conditions:

e The complementary effect between Y(NPQ) and Y(NO) as
discussed above can be observed in all tested genotypes
(Figures 2e,f and 4e,f).

e Although the decrease of Y(NPQ) in the qE-deficient mutants was
largely counteracted by increased Y(NO) under oscillating light
(Figure 2e,f), there was still a slight reduction in PSII efficiency in
these mutants (Figure 2d). However, these defects had little
impact on PSI efficiency (Figure 2a), even in HL oscillation. This
may be attributed to an increased efficiency of CET in npq
mutants, evident via higher Y(1)-Y(ll) and Y(I)/Y(ll) levels (Support-
ing Information S1: Figure SM3B,C), as well as less reduced Fd
(Figure 3b) compared to their wild type. The contribution of AETs
can also be considered.

e In HL oscillations, the PSI acceptor side limitation of crr2-2 was

temporarily induced during the light ascending phase (Figures 4c
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and 5b). We speculate that PGR5/PGRL1-CET or other AETs, for
example, the malate valve or the Mehler reaction (Lazar
et al.,, 2022), might alleviate this limitation on the acceptor side
of PSI, causing it to diminish within seconds of its induction
(Figure 4c).

e The crr2-2 mutant had higher levels of Y(NPQ) and NPQ
parameter than Col-gl1 at all tested oscillation amplitudes
(Figure 4e and SMA4A), likely serving to prevent over-excitation
of photosystems.

e The peak of Y(I)/Y(ll) in pgrilab between 90° and 270° phases of
HL oscillation (Supporting Information S1: Figure SM4C) may be
partially attributed to the effective functioning of NDH-like-CET

or other AETs under equivalent conditions.

In this study, we delved into the dynamics of two short-term
regulatory mechanisms, qE and CET, in response to different
amplitudes of oscillating light. Their interplays are already dazzling.
However, they constitute only a small part of the intricate regulatory
networks adjusting and optimising photosynthesis, which operate
across a wide range of scales. Photosynthesis and its regulatory
networks are highly complex and integrated. To gain a deeper
understanding of this complexity in natural environments necessi-
tates the study of the dynamic response of photosynthesis and its
regulation to fluctuating light or, more broadly, to a dynamically
changing environment (Cruz et al., 2016; Gjindali et al., 2021). Many
experimental investigations have been conducted under well-defined
light conditions, drastically differing from natural light environments.
Therefore, it is crucial to explore novel approaches for systematically
investigating the dynamics of photosynthesis in changing light
environments. Our findings highlight the potential of harmonically
oscillating light approach in advancing the study of the dynamics of

photosynthesis.
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