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Plants cope with fluctuating light by frequency-dependent
nonphotochemical quenching and cyclic electron transport
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Introduction

Summary

¢ In natural environments, plants are exposed to rapidly changing light. Maintaining photo-
synthetic efficiency while avoiding photodamage requires equally rapid regulation of photo-
protective mechanisms. We asked what the operation frequency range of regulation is in
which plants can efficiently respond to varying light.

o Chlorophyll fluorescence, P700, plastocyanin, and ferredoxin responses of wild-types Ara-
bidopsis thaliana were measured in oscillating light of various frequencies. We also investi-
gated the npq7 mutant lacking violaxanthin de-epoxidase, the npg4 mutant lacking PsbS
protein, and the mutants crr2-2, and pgrl/ab impaired in different pathways of the cyclic elec-
tron transport.

¢ The fastest was the PsbS-regulation responding to oscillation periods longer than 105s. Pro-
cesses involving violaxanthin de-epoxidase dampened changes in chlorophyll fluorescence in
oscillation periods of 2 min or longer. Knocking out the PGR5/PGRL1 pathway strongly
reduced variations of all monitored parameters, probably due to congestion in the electron
transport. Incapacitating the NDH-like pathway only slightly changed the photosynthetic
dynamics.

e Our observations are consistent with the hypothesis that nonphotochemical quenching in
slow light oscillations involves violaxanthin de-epoxidase to produce, presumably, a largely
stationary level of zeaxanthin. We interpret the observed dynamics of photosystem | compo-
nents as being formed in slow light oscillations partially by thylakoid remodeling that modu-
lates the redox rates.

operation range of photosynthetic nonphotochemical quenching
and cyclic electron transport in the frequency domain.

Plants grow in dynamic environments and can thrive also in
rapidly fluctuating light (Muller ez al, 2001; Kiilheim
et al., 2002; Long ez al., 2022). Repeated filling and emptying of
the biochemical pools in fluctuating light may cause damage by
generating transient imbalances between tightly coupled redox
reactions, potentially producing noxious reactive oxygen species
(Pospisil, 2009; Kono et 4l., 2014; Kono & Terashima, 2014).
Plants limit the damage and optimize their photosynthetic per-
formance in fluctuating light by various regulatory mechanisms
that operate with different activation and deactivation rates,
which constrain the range of frequencies to which the regulation
can effectively respond. Illustrative analogies are the range of
audio frequencies that a human ear can hear or visible light range
that the human eye can see. Here, we report on the limits of the
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Light fluctuations in nature may occur with a wide range of
characteristic frequencies. Transient gaps in the upper canopy
(Chazdon & Pearcy, 1991), wind-induced canopy movement
(Peressotti et al., 2001), and intermittent cloudiness (Knapp &
Smith, 1987) give rise to irregular light patterns within canopies
(Way & Pearcy, 2012; Smith & Berry, 2013; Kaiser ez a/., 2018).
According to the categorization of light fluctuations in canopy of
higher plants established by Smith & Berry (2013), sunflecks
were classified as light fluctuations with periods below 8 min,
which is also the upper limit of periods investigated here. The
short-period limit of 1s of our experiments was dictated by the
capacity of the used instrument to generate fast light oscillations.

Complex dynamic light changes occurring in natural environ-
ment can be simulated in laboratory by the Dynamic
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Environmental Photosynthetic Imager (Cruz er al., 2016). The
forced oscillations methodology presented here uses a contrasting
approach in which the response of plants is stimulated by a light
that follows a single sinusoidal variation. The difference between
investigating plant’s response to complex light patterns and to
single sinusoidal variation is analogous to probing absorption by
a broadband and by monochromatic light. Such approaches
reveal, in a different way, phenomena that do not appear under
artificially static conditions and can thus identify photosynthetic
processes important for dynamic responses. The method for
investigating irregular or periodic stimulation has long been
established in physics (Pintelon & Schoukens, 2012), and the
used terminology is summarized here in Table 1. Based on uni-
versal and widely applied mathematical principles, random fluc-
tuation of light can be reproduced as a superposition of harmonic
functions, each determined by the period and amplitude of sinus
and cosinus oscillations (Schwartz, 2008). If some of the charac-
teristic elemental oscillations are, for example, too fast and thus
outside of the operation range, then the photosynthetic regula-
tion may be less effective. Similarly, when the operation range is
reduced, for example, by a mutation, one can expect different
dynamic responses in elemental oscillating light in the wild-type
and in the mutant. The essentials of the frequency-domain analy-
sis are summarized here in Supporting Information Notes S1 and
in further detail available in Nedbal & Bfezina (2002), Nedbal
et al. (2005), Nedbal & Lazar (2021), and Lazir et 2l (2022).
Nedbal & Lazar (2021) looked for the abrupt, qualitative
changes in photosynthetic responses to oscillating light that
would signal potential limits of operation frequency range in the
green alga Chlorella sorokiniana. The experiments included light
oscillations with periods ranging from 1 ms to 512 s and identi-
fied four frequency domains (o, Bq, o, and ), in which oxy-
genic photosynthesis of the alga exhibited contrasting dynamic
features. In the two o domains, the amplitudes of the chlorophyll
fluorescence (ChlF) oscillations were found to decrease in algae
when the light oscillation was slower. The trend was opposite in
the two f domains.

Due to an instrument limitation, a narrower range of light
oscillations with periods between 1s and 8 min was in our focus
in this study on higher plants. Two major domains of contrasting
dynamics were identified that are labeled here for simplicity with-
out indices: & and f. Detailed measurements in the narrow range
revealed an interesting dynamic behavior also in the o/p bound-
ary.

Arabidopsis thaliana is exposed to fluctuating light due to inter-
mittent cloudiness and canopy movements in monoculture as
well as natural mixed plant communities (Mitchell-Olds, 2001;
Pantazopoulou ez al., 2021). It is a model plant that represents
well regulation in higher plants and is available with a wide range
of well-defined mutations. We used elemental oscillating light
with various periods to study its response to light fluctuations in
the laboratory. Here, we focus on the responses of various com-
ponents in the photosynthetic electron transport chain to fluctu-
ating light (Fig. la), in particular, on nonphotochemical
quenching (NPQ) and cyclic electron transport (CET) and
their dynamics in fluctuating light (Holzwarth ez al, 2009;
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Table 1 Explanation of technical terms.

The maximum deviation from a mean; in the case
of harmonically modulated light, it is one-half of
the difference between the light intensity
maximum and minimum

The parameter of light modulation or of plant
response that defines how many times a full
cycle (360° in angle degrees or 2z in radian
units) is completed in a unit of time. It is related
to the period T as: @ = 2

Randomly changing light: its intensity pattern
thus cannot be predicted

A repeating variation pattern of plant
photosynthesis that is sustained in time by a
periodic energy supply, here harmonically
modulated light

The measurement of plant activity applying
harmonically modulated light with period/
frequency of the light modulation changing over
a wide range; plant response(s) are measured as
a function of the light modulation frequency

The light intensity that consists of a variable part
that is changing as a harmonic function
axsin(Z-t) +b x cos(% - t) where ¢ stands for
time, T is the period, 2 the angular frequency of
the light variation, and a, b are parameters that
define together the amplitude and phase of the
light modulation

Amplitude

Angular frequency o

Fluctuating light

Forced oscillation

Frequency-domain
measurement

Harmonically
modulated light

Oscillation A repeating variation pattern of light or plant
activity

Period T The time after which a process is repeated, here it
applies both to the light modulation as well as to
plant response elicited by the modulated
excitation light

Periodic Repeating

Oscillation phase The parameter defining the progress of a periodic
process: for example, phase 0 is the origin, the
phase I - 2x represents one-quarter of the full
cycle, phase 2z represents the full cycle

A phenomenon of the increased amplitude of a
measured response that occurs when the
frequency of external forcing agrees with an
internal characteristic frequency of the
examined plant (sometimes called
eigenfrequency)

The oscillation of plant activities that sometimes
appear in response to an abrupt change of
external conditions; spontaneous oscillations of
plants are fading over time

The meaning common in fluorometry or
spectroscopy of plants: the plant response to an
aperiodic light change; mostly a stepwise dark-
to-light or light-to-dark transition, often also the
response to a short light flash measured as a
function of time

Resonance

Spontaneous
oscillation

Time-domain
measurement

Ruban, 2016; Yamamoto & Shikanai, 2019; Murchie &
Ruban, 2020). The rapidly reversible component of NPQ pro-
tects the plant from transient excess light by sensing the high-
light-induced acidification of the thylakoid lumen and reducing
the flow of excitation energy to photosystem II (PSII) reaction
centers (Demmig-Adams ez al., 2014; Ware er al., 2015). This
NPQ involves protonation of the PsbS protein (Li er 4/, 2002;
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Fig. 1 Schematic diagram of proton-coupled electron transport of photosynthesis and associated photoprotective mechanisms. (a) A scheme of the photo-
synthetic apparatus in Arabidopsis thaliana showing the linear electron transport from water to NADP™ by the black dashed line and the part of the cyclic
electron transport around photosystem | (PSI) by the blue dashed line. The components that are monitored by the measured optical proxies (bottom right)
were the Q, redox state determining largely the chlorophyll fluorescence yield (ChiF), plastocyanin (PC), primary donor of PSI (P700), and ferredoxin (Fd).
The lumen pH-controlled regulation of photosystem I (PSII) light harvesting efficiency (NPQ) and of the electron flow to cytochrome bgf (Cyt bgf) complex
(photosynthesis control) are indicated by the brown valve symbol. The harmonically modulated light is represented by one period (green line top left). The
optical signals measured (bottom right) by the Dual-KLAS-NIR instrument are described in the Materials and Methods section. (b) The violaxanthin dee-
poxidase (VDE) and PsbS protein constitute rapid nonphotochemical quenching mechanisms that are reducing the excitation of PSII. The zeaxanthin epoxi-
dase (ZEP) is relaxing the quenching. Both processes are induced by low luminal pH. The cycles with blue- and orange-colored arrows represent transitions
between low- and high-light states and back that occur periodically during the light oscillations. Orange arrows indicate NPQ induction processes, triggered
by decreasing luminal pH, while blue arrows indicate the corresponding NPQ relaxation processes. (c) The cyclic electron transport proceeds by two parallel
pathways: one via the Proton Gradient Regulation 5 (PGR5) and Proton Gradient Regulation-like 1 (PGRL1) complexes and the other via the NADH
dehydrogenase-like complex (NDH-like) complex. The mutant pgr/7ab lacks PGR5/PGRL1-dependent pathway, whereas crr2-2 lacks the pathway that
depends on the NDH-like complex. Both CET pathways lower the luminal pH by the proton-coupled electron transport (Shikanai, 2014). In all schemes, the
down-pointing gray arrows represent all processes leading to the accumulation of protons in the lumen relative to the stroma. The up-pointing gray arrow
shows the dissipation of this pH difference by ATP synthase.
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Roach & Krieger-Liszkay, 2012; Ruban, 2016) and the de-
epoxidation of violaxanthin to zeaxanthin by the violaxanthin
de-epoxidase enzyme (VDE; Fig. 1b; Gilmore, 1997; Jahns &
Holzwarth, 2012). In fluctuating light, NPQ deficiency reduced
plant’s fitness (Kiilheim ez 4/, 2002) while enhanced NPQ
response caused higher photosynthetic efficiency and better
growth (Kromdijk ez al., 2016; De Souza et al., 2022). Kinetics
of NPQ/xanthophyll cycle induction and relaxation in dark—
light—dark transitions have been identified, for example, in From-
molt et al (2001), Wehner et al (2006), and Nilkens ez 4l
(2010).

Cyclic electron transport mediates the electron transport from
the reduced ferredoxin (Fd) at the acceptor side of photosystem I
(PSI) via plastoquinone pool, cytochrome bgf (Cyt bgff complex,
and plastocyanin (PC) back to the donor side of PSI (Fig. 1c). By
the proton-coupled electron transport, CET contributes to the
proton motive force for ATP synthesis, thus adjusting the ATP :
NADPH ratio for downstream carbon assimilation. The CET-
induced lumen acidification also contributes to NPQ and regu-
lates electron transport (Wang et al., 2015), protecting both PSII
and PSI (Suorsa et al, 2012, 2013; Yamori et 4/, 2016; Shima-
kawa & Miyake, 2018; Nakano ez al., 2019; Yamamoto & Shika-
nai, 2019). As in other angiosperms, A. thaliana plants possess
two CET pathways (Shikanai, 2014). One involves the Proton
Gradient Regulation 5 (PGR5) and Proton Gradient Regulation-
like 1 (PGRL1) proteins (Munekage ez al, 2002; DalCorso
et al., 2008; Hertle er al., 2013; Sugimoto ez al., 2013), whereas
in the other, the electron is transported from Fd to plastoquinone
via the NADH dehydrogenase-like complex (NDH-like; Fig. 1¢;
Yamamoto ez al., 2011; Peltier et al., 2016). This latter pathway
acidifies the thylakoid lumen not only by the plastoquinone/plas-
toquinol proton transport, but the NDH-like complex operates
also as an energy-coupled proton pump (Koufil er al, 2014;
Strand et al, 2017; Laughlin et al, 2020). Fluctuating light
damaged PSI in plants with a CET deficiency (Suorsa
et al., 2012; Kono et al, 2014; Yamori et al, 2016) causing
decreased photosynthesis control on the PSI donor side and
reduced function of the PSI acceptor side (Yamamoto & Shika-
nai, 2019).

The first of the objectives of the present study was to identify the
limiting frequencies at which the NPQ responds and beyond
which it ceases responding, that is, to determine the NPQ opera-
tion range. In contrast to the response times obtained from acti-
vation during a dark-to-light induction, for example, in Wehner
et al. (2006) and Nilkens et 2/ (2010), the limits of the NPQ
operation range in oscillating light depend on an interplay of the
activation and deactivation processes that both contribute to
plant response to fluctuating light. Toward this goal, we explored
the responses to oscillating light of the wild-type, the npgqIl
mutant, which cannot convert violaxanthin into zeaxanthin by
VDE (Niyogi ez al., 1998), and of the 7pg4 mutant that lacks the
PsbS protein (Li et al., 2000).

The second objective was to discriminate between the roles
played in an oscillating light by the two parallel pathways of
CET. For this, we contrasted the pgr/lab mutant that lacks the
(PGR5/PGRLI1)-dependent pathway (DalCorso ez al, 2008),
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and the ¢72-2 mutant impaired in the NDH-like complex-
dependent pathway (Hashimoto e# 4/, 2003) with their respec-
tive wild-types.

Understanding of the dynamics in complex systems like plants
photosynthetic system requires simultaneous measurements of
multiple system variables (Ganusov, 2016; Nedbal &
Lazér, 2021) that would enable building robust mathematical
models in the future (Kitano, 2001). Toward this third objective,
we studied the dynamics of ChlF, and redox changes in P700,
plastocyanin (PC), and ferredoxin (Fd) appearing in plants
exposed to light that oscillated between light-limited and saturat-
ing intensities with periods changing between 1s and 8 min.
Two frequency domains and the boundary range between them
were, in this way, characterized by highly contrasting dynamic
behavior of NPQ and CET.

By characterizing the operational frequency ranges of the var-
ious processes by which plants protect themselves from dynamic
changes in their light environment, we will better understand
how plants utilize seemingly redundant regulatory processes to
maintain the integrity of their photosynthetic machinery in such
conditions, without compromising too much on their photosyn-
thetic performance. This research provides the basis for develop-
ment of novel frequency-domain methodologies and instruments
in the field of plant science, which will reveal phenomena that do
not appear under artificially static conditions.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. wild-type Col-0, trichome-
lacking wild-type Col-gll, and the mutants affected in NPQ
(npql, npq4) and in CET pathways (pgrilab, crr2-2) were used
in the study. Col-0 was the background of the npql, npg4, and
pgrllab mutants, and the Col-gl1 was the background of crr2-2.
The mutant ¢rr2-2 was kindly provided by Toshiharu Shikanai,
Kyoto University, Japan, and pgr/lab by Dario Leister, Ludwig
Maximilian University Miinchen, Germany. Seeds were sown in
commercial substrate (Pikier, Balster Einheitserdewerk, Fronden-
berg, Germany). After 3 d of stratification in a 4°C dark room,
the seedlings were transferred to a climate chamber with a light
intensity of ¢. 100 pmol photons m s ™", 12 h: 12 h, light : dark
photoperiod, 26°C: 20°C, day : night air temperature, and 60%
relative air humidity. On the 15™ day after sowing, the seedlings
were transferred to 330 ml pots, one plant per pot filled with
a commercial substrate (Lignostrat Dachgarten extensiv;
HAWITA, Vechta, Germany). The environmental conditions in
the climate chamber remained the same as for the seedlings. The
plants were watered every day from the bottom to keep soil
moisture approximately constant throughout the cultivation and
during the experiments.

Chlorophyll fluorescence and KLAS-NIR measurements

In the sixth week after sowing, ChlF yield and redox changes
of PC, P700, and Fd were measured simultaneously using a
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Dual-KLAS-NIR spectrophotometer with a 3010 DUAL leaf
cuvette (Heinz Walz GmbH, Effeltrich, Germany). Red
actinic light (630 nm) was applied to both sides of the leaf.
The pulse-amplitude-modulated green light (540 nm, 6 pmol
photons m~*s™") was applied to the abaxial side of the leaf
to excite chlorophyll.

In addition to chlorophyll fluorescence yield, the Dual-KLAS-
NIR allows to measure four dual-wavelength difference signals of
transmittance simultaneously in the near-infrared part of the
spectrum using 780-820, 820-870, 870-965, and 840-965 nm
wavelength pairs (Klughammer & Schreiber, 2016; Schreiber &
Klughammer, 2016). Four difference signals of transmittance can
be deconvoluted into contributions corresponding dominantly to
redox changes of Fd, primary donor of PSI (P700), and PC. The
deconvolution relies on the selective differential transmittance
spectra of P700, PC, and Fd for the four wavelength pairs, which
were determined by the routine called Differential Model Plots
(Klughammer & Schreiber, 2016; Schreiber & Klugham-
mer, 2016). The plots were always constructed with two to three
replicates. The Differential Model Plot was in this way deter-
mined for each genotype and used for the respective spectral
deconvolution.

Plants were dark-acclimated overnight and then remained in
darkness until their dynamic properties were investigated by
the Dual-KLAS-NIR measurement with constant and oscillat-
ing actinic light, all at room temperature of 20°C, and in air
of natural composition. The measurement started with the
NIR-MAX routine on a dark-acclimated plant to estimate the
maximum oxidation of PC and P700 (100%), and maximum
reduction in Fd (—100%) as described in Klughammer &
Schreiber (2016). The deconvolution of the overlapping opti-
cal transmission signals in near-infrared and the subsequent
quantitative interpretation may, to some extent, be compro-
mised by long measuring times, during which the inital
deconvolution and min-max parameters may drift due to
changing optical properties of the leaf. This would be of
utmost importance in long conventional time-domain mea-
surements that rely on stable reference signals, as time-domain
measurements are difficult to correct for drift. With harmoni-
cally modulated light, one measures relative changes in the
redox states of P700, PC, and Fd that are induced by oscillat-
ing light and this method is less sensitive to slowly drifting
reference levels. The redox changes are quantified here relative
to the value found at the trough of the oscillation, that is,
when the light intensity reaches its minimum. The minimum
photosynthetically active radiation (PAR) was always 100 pmol
photonsm™*s™'. By using a reference level taken in every
oscillation period, we reduced or eliminated the influence of
signal drift that may occur over long experimental periods.
The dynamic trends occurring during the oscillations were, in
this way, assessed using relative changes of the optical proxies
named: apparent relative P700 and PC oxidation, and Fd
reduction.

It is worth noting specific methodological aspects of the Fd
signal. The implicit assumption of the NIR-MAX routine is
that Fd is fully oxidized in darkness. This may not be always
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correct, because Fd can be reduced by multiple pathways,
even in the absence of light. This potential caveat may result
in an incorrect calibration of the optical proxy and in an
apparent drift of the optical signal that is ascribed to fully
oxidized Fd. In this situation, Fd reduction may exceed the
expected range of 0% to —100%. Therefore, we shall not base
any conclusions here on the absolute numerical values of the
Fd-redox state but rather focus on trends in the Fd-reduction
dynamics relative to the value found at the minimum PAR
(100 pmol photons m~2s!). Furthermore, it is worth noting
that when the charge separation induced by light occurs in
the PSI core complex, electron transfer from P700 to Fd
occurs in a series of rapid redox reactions through A, (the
monomeric form of Chla) and A; (phylloquinone) to the
[4Fe-4S] clusters (Fx, Fa, and Fp), and ultimately to Fd [2Fe-
2S] (Schreiber & Klughammer, 2016). In the case of iz vivo
measurements, distinguishing the absorption changes of Fd
from that of the other FeS proteins is practically impossible,
as the NIR differential spectrum of Fa-Fp is similar to that of
the Fd (Sédf er al, 2019), and much larger absorption
changes caused by other components can influence the signal
deconvolution of different FeS proteins. Therefore, the ‘Fd’
signal used in this study is a mixture of signals of FeS compo-
nents at the PSI acceptor side.

Actinic light protocols

Forced oscillations with changing frequencies Following
induction in constant actinic light of 450 pmol photons m™* s~
(630 nm) that lasted 10 min, the plants were exposed to light that
was oscillating around this level, between 100 and 800 pmol
photons m™*s™'. The frequency (periods) and the number of
periods of sinusoidal light were set in the KILLAS-100 software
(Heinz Walz GmbH). The periods were changing in a single con-
tinuous sequence: three periods of 8 min, five periods of each 4
min, 2 min, 1 min, 30s, and 10's, and finally 10 periods of 5 and
1 s (Notes S2; Fig. A). The order in which the periods were chan-
ging was not affecting our conclusions, and the same results were
obtained when the periods were in an increasing sequence
(Notes S3; Figs A—D). Three biological replicates of each A. thali-

ana genotype were examined.

Analysis of the signals induced by oscillating light The first
period of 8 min oscillation was largely influenced by the tran-
sition from constant to oscillating light and the first two peri-
ods of the other oscillations were influenced by the change of
light frequency. Because of these reasons, they were not ana-
lyzed (one example is offered in Notes S2; Fig. A). The later
signals were already periodic and were used to extract the
respective dynamic features by numeric analysis. The data
representing each respective frequency in muldple replicated
plants were averaged to improve the signal-to-noise ratio. The
signal averages were then numerically approximated by a
function Fif(#), consisting of a fundamental mode and of
three upper harmonic modes as described in Nedbal &
Lazar (2021):
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A sin [2@} Ay sin {3@}
2 —
A sin PM}

Eqn 1

The least-square fitting procedure was done in MS ExcEL and
the fit yielded the stationary component Ay, and the amplitudes
and phase shifts {4;, 71} for the fundamental harmonics, {4, 75},
{43, T3}, {44, T4} for the upper harmonic components. Typically,
no more than two upper harmonics were needed as adding the
third upper harmonic mode did not improve the chi-square of
the fit. The fitted signals of P700, PC, and Fd apparent redox
changes were normalized by subtracting by the signals obtained
at the minimum light level (100 pmol photons m2s7Y) as
explained above.

Results

Chlorophyll fluorescence emission

Eight different oscillation periods of light were sequentially
applied to identify the characteristic frequency limits of NPQ
and CET. Plants responded to the light changes by ChIF that
was alternating in oscillations between minima and maxima
around a stationary level 4y (Eqn 1). Examples of raw data
obtained with this protocol are shown in Notes S2; Fig. A. The
information obtained in these experiments is condensed and
represented by simple maximum-minimum differences and by
the stationary component in Fig. 2.

The oscillatory ChlF component was calculated as the differ-
ence between the respective minimum and maximum of ChIF
during one cycle. The stationary and oscillatory ChlF compo-
nents (Fig. 2) were dependent on the frequency of light oscilla-
tions in three contrasting ways that can be categorized in the o
(frequencies 1-1/10 s7') and B (frequencies 1/120-1/480 sh
domains, and o/p boundary domain whose frequencies 1/30 and
1/60 s~ " lead to a distinct resonance in ChlF (Notes S1; Fig. A).
The corresponding periods were: 1-10 s in the o domain, 30—-60
s in the a/f boundary domain, and 2-8 min in the p domain.
The categorization of the frequency domains is compatible with
that introduced for green algae in Nedbal & Lazir (2021).

The domain o included the shortest periods of light oscilla-
tions. Although the differences between the genotypes were large,
the o domain can be defined by ChIF response remaining for
each particular genotype largely the same, no matter if the period
was 1, 5, or 10 s (Fig. 2). In the boundary o/f domain, the oscil-
latory ChIF component was typically higher than in the neigh-
boring domains o and P (Fig. 2). This local maximum was
reported earlier (Nedbal & Bfezina, 2002) and attributed to a
resonance due to a regulatory feedback. This feature, pronounced
in wild-types, was absent in the npg4 PsbS-deficient mutant and
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was damped, probably by electron transport limitation, in the
pgrllab mutant (see arguments below).

One should note that the stationary component of ChlF does
not exhibit the resonance feature in the o/p boundary domain. It
is because the stationary component integrates effects of light that
are averaged over many periods and are, thus, frequency indepen-
dent.

Both the stationary and oscillatory components of the ChIF
yield were increasing in the B domain in the npql, npg4, and
pgrllab mutants when the period increased from 2 to 8 min
(Fig. 2). This trend was absent in wild-types and ¢rr2-2.

The oscillatory components of ChIF in the a, o/p, and
domains are characterized in Fig. 2 only by the difference
between the minima and maxima. These extremes often appear
before or after the minima and maxima of light, and Fig. 2 does
not show the respective phase shift of ChlF. We therefore present
additional information about the phase shift of the ChIF
extremes and further dynamic details in Fig. 3. This figure shows
by a color code the entire dynamics of the oscillatory ChIF signal
as it develops with the phase of the light oscillation along the
abscissa axis and how it depends on the period of the oscillation
along the ordinate axis. The ChlF signal was mostly more com-
plex than a simple sinusoidal variation, containing also strong
harmonic components with periods two or more times shorter
than the period of the oscillating light. These components are
called upper harmonics and are known from other oscillating sys-
tems, most illustratively from musical instruments where they
determine the timbre. In plants, these upper harmonics are
responsible for local rapid ChlF decreases in increasing light and
vice versa or, in other words, for changes in ChlF response that
are much faster than the changing light.

The changes in the ChIF yield in Fig. 3 were always induced
by the same light pattern (top green line), oscillating between
100 and 800 pmol photons m >
light pattern that was slightly shifted in phase against the instru-

s~ 1. The line shows the true

ment protocol that aimed at generating the light minima at 0°
and 360° and maximum at 180°. This instrumental deficiency
had no impact on our conclusions.

The data show that both the stationary (Fig. 2) and the oscilla-
tory part of the ChIF (Figs 2, 3) were strongly reduced in wild-
type relative to the npgl and npg4 mutants that lack VDE- and
PsbS-dependent NPQ mechanisms, respectively. The most con-
trasting with wild-type was the npg4 PsbS-deficient mutant exhi-
biting high amplitude ChlIF variations that followed closely the
light intensity suggesting dominance of photochemical quench-
ing with little interference of NPQ. The ChlF was simply increas-
ing due to reducing of the plastoquinone pool in increasing light
and decreasing when the pool became more oxidized in the
decreasing phase of the light oscillation. The amplitude of the
ChIF oscillations in 7pg4 was monotonously increasing from
shorter to longer periods.

Unlike the npg4 PsbS-deficient mutant, the npgl VDE-
deficient mutant responded to the oscillating light with an overall
phase-period pattern that was more complex than in 7pg4 and
not too different from wild-type (compare Fig. 3¢ with 3a). The
ChIF yield maximum in the o/p boundary was found in both

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

85U0]7 SUOWILLIOD 3A T8I0 3edl|dde ayy Aq peusenob afe s3o1Le VO !8sn JO Se|nJ oy Akeid1 78Ul |UO /8|1 UO (SUORIPUOD-PUR-SLLIRIALIOD" A |IM ATRIq Ul |UO//:SdNL) SUORIPUOD PUe SWis | 38U 88S *[£202/60/20] UO ARIqiTauliuO A1 ‘BIueD YoIeessy HAWS yoline wniuezsbunyosio4 Aq £806T Udu/TTTT OT/I0p/woo A3 1m Aeiq i pul|uo yduy/sdny wouy papeojumod ‘G ‘€202 ‘LET869T



2
New i
Phytologist
o
g
(a) Col-0 () Col-gll g
.14 g
0 Short period o domain Long period p domain Short period oo domain Long period  domain ;
) | a/B | G— G — | o/f | G ———m—y el
0.12 frmmmmmemmmmmmmeemeees B GEGRCEEEE B EneReCREE L L I R EEE PR R P it L ettt 3
| | | | s
1 1 1 1 i
0.1 frmmmmmmmmmmmmeeeees L IRREREEEEEEE L B IR e T bt e ek 4---------- | bl g
z 1 1 1 | g
g 1 1 I 1 2
B R I T e ---7Er 8
R B I T | B B I .
=} =
B 006 [ o |- L] e Lo peer] e S T Rt S (] TR I S I LS SR g
> 1 1 1 1 g
= 1 1 1 1 E
5 004 fooof oo [ee L I I et I S b f---f -1 H -@| |+--1 F--1 g
| | I | g
I | I | T
0.02 - n BU - T [~ - i 1 - - n - 1 - g
1 1 1 1 2
0 AN BN |[El IEE BN HE N EN /BN Bl BN ([N NN R 1 §
1s Ss 10s : 30s  60s :2min 4 min 8 min Is 5s 105: 30s  60s :Zmin 4 min 8 min é
I | I I :
(© mnpql | @ crr2-2 | :
0.14 I T T T 7
| I I I i
012 fommmmmmmee R -I' ---------------- L R g
: l t :
g
0.1 -__-I____--I_ ___-I_J___-I____‘I'J___-I____ e [ e e g
2 1 | =
g I I c
2008 F=-| |---q f---{ P-4 t---{ -1 {---1 -1 [zt ---pt----- - g
el - - A
= 0.06 : ! g
S 06 b--| [---4 f--- R I S N ) (NN B Y JEUE B B B
=4 1 n
S 1 1
s oos HY| |- P - F - F - |---1 |
© ’ [ 1
| |
0.02 - - o - H - 3 - - H
1 |
| I
0 i i L - L 1]
1s 5s 10s 1 30s 60s I2min 4min 8 min | I12min 4 min 8 min
| 1 1 |
(e) npqd I I () pgrllab | I
0.14 i i } }
| 1 { | I
1 1 _I_ | 1
0.12 }_I_} ‘_P:I. -y """ - ]
| I |
1 | |
— 01 | I | %
Z 1 1 |
5 008 |--| |---q }--- Hooof |--- 1 - [---1 [F--9 F--- |---] H--1{"F---] [---1 H
g ! I 1
= I 1 |
S 006 F--| [---o f--- H - T et [ S ) TS I B I S S I R I B I
=
I | 1
; 1 1 I
S o004 (M |- - H - T St I S e[ S [ S S N O I ¥
| 1 |
1 1 1
002 HMl |- - i - . o B Rt B SRR B R R B ok B
| | | j
o LML (| ) | AN NN NN SRR (RN
Is S5s 10s  30s 60s 2min 4min 8 min Is S5s 10s 30s 60s 2min 4min 8 min
Period of the light oscillation Period of the light oscillation

Fig. 2 Stationary (light-shaded) and oscillatory (dark-shaded) components of chlorophyll fluorescence (ChIF) yield measured in six genotypes of Arabidop-
sis thaliana (n = 3): (a) wild-type Col-0, (b) wild-type Col-gl1, (c) npq1, (d) crr2-2, (e) npg4, and (f) pgrl1ab. The actinic light was oscillating with short per-
iods of 1, 5, and 10 s (« domain), with periods of 30 and 60 s (boundary o/p domain), and with long periods of 2, 4, and 8 min (f domain). The raw data
from which this condensed information was extracted are shown in Supporting Information Notes S2; Fig. A. The oscillatory component was calculated as
a difference between maximum and minimum of ChlIF in one light period. The error bars represent SEs obtained from three biological replicates.
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Fig. 3 Oscillatory part of the relative chlorophyll fluorescence (ChiF) yield. The green line in the upper panel represents light that was oscillating between
100 and 800 umol photons m™ s™" with periods in the range of 1 s to 8 min. The progress of the light oscillation and ChlF response is shown by the phase
between 0° and 360°, so that the abscissa is the same for all periods of oscillations that were applied. The other six panels show the oscillatory part of the
ChlF yield induced in six genotypes of Arabidopsis thaliana (n = 3): (a) wild-type Col-0, (b) wild-type Col-gl1, (c) npq1, (d) crr2-2, (e) npg4, and (f)
pgrl1ab. Blue colors indicate signals that were below the stationary ChiF yield, representing negative difference in the relative ChiF yield. Red colors repre-
sent oscillatory signals above the stationary ChiF yield. The black dots indicate the phase at which maximum ChlF yield at the given period occurred. The
contour lines separate signal ranges of 0.0025 of relative units. The brown dashed rectangles indicate long periods of 2, 4, and 8 min (f domain), and the

purple dashed rectangles indicate short periods of 1, 5, and 10's (@« domain).
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npql and wild-type (Figs 2¢, 3c). Only the amplitude of ChIF
oscillations and the stationary ChlF component was higher in
npql than in wild-type, yet lower than in 7pg4 (compare Fig. 2c
with 2a and 2e¢). Another difference between 7pgq! and wild-type
was found when the period of the oscillating light increased from
60 s to 2 min and longer (B domain). When the periods increased
from 2 to 8 min, the oscillatory part of the ChlF yield was largely
quenched and not changing in the wild-type (Figs 2a, 3a) while it
increased by ¢. 29% in the VDE-deficient 7pg] mutant (Figs 2c,
3¢). We conclude that, in the light that was oscillating with
increasingly long periods, the VDE-dependent NPQ in wild-type
was able to respond, whereas ChlF oscillations appeared with
increasing amplitudes in the VDE-deficient mutant. In contrast
to this NPQ response, the stationary component of ChlF yield
was quenched in the wild-type when compared to the npgl
mutant to a level that was about the same in all tested periods
(Fig. 2; Notes S4: Fig. A). We conclude that the VDE-dependent
NPQ is largely responsible for protection in static or slowly chan-
ging light.

The distinct ChlF maximum in the a/f boundary found in all
biological replicates of all genotypes that were competent in the
PsbS-dependent NPQ mechanism, including wild-type and
npql, was suppressed in the npg4 PsbS-deficient mutant. This
PsbS-dependent resonance maximum occurred with the 30 s per-
iod in both wild-types at 130° phase, that is, ¢. 10.8 s after the
light started rising from its minimum and, with the 60 s period,
at 90° phase, that is, . 15 s after the light minimum. The phase
shift indicates that the plants and their PsbS-dependent NPQ
mechanism required 10-20's to change the trend from rising to
declining ChIF in the ascending light phase. More on the reso-
nance phenomenon is available in Notes S1: Figs A—C. This
observed dynamics can be explained by the PsbS protein being
necessary for rapid NPQ regulation in light that was oscillating
with periods as short as 30 s.

A unique response to oscillating light was found in the pgriiab
mutant that is impaired in the PGR5-PGRL1 pathway. The sta-
tionary part of ChlF was much less suppressed in pgr/lab than in
wild-types or in the ¢72-2 mutant (Fig. 2; Notes S4: Fig. A)
while the variations around this stationary level that were caused
by the light oscillations were by far smallest among all the tested
genotypes (Fig. 3). The high stationary and low oscillatory ChlF
components can signal congestion of the electron transport chain
on the acceptor side of PSII. Unlike in wild-types and in the
crr2-2 mutant, the variations of ChlF yield in the pgr/lab mutant
exposed to long-period light oscillations () were stronger than in
the short-period oscillations () indicating that NPQ became less
effective when the periods were long. The dynamic features
found in the pgrllab mutant cannot be attributed solely to
impairment of one of the CET pathways. It is likely that the
mutation impaired also the linear electron transport and affected
induction of NPQ and photosynthesis control (DalCorso
et al., 2008; Suorsa et al., 2016; Wada et al., 2021).

The ChIF patterns found with the ¢772-2 mutant were like its
wild-type (Figs 2, 3) suggesting that the response to oscillating
light was only marginally affected by knocking out of the NDH-
like complex-dependent pathway of CET.

© 2023 The Authors
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Transmission proxies of PC, P700, and Fd-redox states

The frequency responses of apparent relative oxidation/reduction
of P700 (Fig. 4), PC (Fig. 5), and Fd (Fig. 6) in oscillating light
revealed diverging dynamics of components operating close to
PSI. The P700 oxidation was, in all genotypes except the pgrllab
mutant, closely following the oscillating light (Fig. 4). The
amplitude of the P700 oscillations was relatively constant for per-
iods shorter than 60 s (a0 and o/P) but increasing with long peri-
ods from 2 to 8 min (f). Compared with other genotypes tested,
the pgrllab mutant showed qualitatively different frequency
responses, in which the P700 redox state was largely independent
of the oscillating light (Fig. 4f). This lack of variability of the
P700 redox state signaled slowing or blockage of electron flow on
the acceptor side of PSI in the pgr/lab mutant (Shimakawa &
Miyake, 2018). This presumed congestion in the linear electron
transport may extend back to PSII and also explain the lack of
variability of ChlF that was described above.

The frequency responses of the apparent relative PC oxidation
(Fig. 5) depended strongly on the oscillation periods in all geno-
types. In a rapidly oscillating light («), PC was more oxidized in the
high-light phase than around the light minima. Slow light oscilla-
tons (P) elicited a distinct phase dependence, in which PC was
increasingly oxidized only in the first phase of the rising light. This
trend was changed at a later ascending phase of the oscillation,
when the PC oxidation dropped despite light still increasing and a
saddle-type depression occurred around the light maximum.

The apparent relative Fd-redox states (Fig. 6) were, in wild-
types and the npgl and npg4 mutants, hardly changing between
the light minima and light maxima of the rapid light oscillations
(o). The NPQ limitations in the npql and npg4 mutants had
only a minor effect on the redox state dynamics of the PSI pri-
mary donor P700 and on the PC and Fd dynamics. In the CET
mutants, particularly in the pgr/lab mutant, the apparent relative
Fd proxy was signaling increasing reduction on the acceptor side
of PSI in the strong light relative to the light minima. An appar-
ent Fd reduction was occurring in the ¢772-2 mutant with the
periods of 30 and 60, that is, in the a/f boundary (Fig. 6d),
where the ChlF yield exhibited a resonance feature in all PsbS-
competent genotypes including ¢772-2 (Fig. 3d). In the slow light
oscillations (B), the apparent relative Fd proxy signaled a high
oxidation on the acceptor side of PSI around the light maxima
relative to light minima in all genotypes except the pgrilab
mutant.

Discussion

The regulation of plant photosynthesis has its operating fre-
quency range in which the contributing molecular mechanisms
can function. This study employed harmonically oscillating light
with different frequencies to identify the frequency limits of mul-
tiple photosynthetic regulatory processes. When the light oscilla-
tions exceed these limits being, for example, faster than the limit,
the regulation responds only to the average of the light but can-
not compensate for the rapidly changing light intensity. The
transition at the limiting frequency of the operating range was
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Fig. 4 Dynamics of primary donor of PSI (P700) in light that was oscillating as shown by the green line in the upper panels. The abscissa shows always the
phase of the light oscillation. The six other panels show the apparent changes in the P700 redox state in six genotypes of Arabidopsis thaliana (n = 3): (a)
wild-type Col-0, (b) wild-type Col-gl1, (c) npq1, (d) crr2-2, (e) npg4, and (f) pgrl1ab. The dynamics were induced by light oscillating between 100 and
800 pmol photons m—2 s~ " with periods in the range of 1 s to 8 min. The black dots indicate at which phase the maximum of the apparent P700 oxidation
at a given period occurred. The color scale ranges from blue to red and represents the apparent oxidation of P700 relative to the state at minimum light
level 100 pmol photons m=2 s~ from low to high. Blue indicates that P700 was more reduced than at the light minimum, while red indicates that P700 was
more oxidized than at the light minimum. The contour lines separate signal ranges of 5% of oxidation-reduction. The brown dashed rectangles indicate
long periods of 2, 4, and 8 min (B domain), and the purple dashed rectangles indicate short periods of 1, 5, and 10 s (o« domain).
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Fig. 6 The ferredoxin (Fd) dynamics in light that was oscillating as shown by the green line in the upper panels. The six other panels show the apparent changes
in the Fd-redox state in six genotypes of Arabidopsis thaliana (n = 3): (a) wild-type Col-0, (b) wild-type Col-gl1, (c) npq1, (d) crr2-2, (e) npg4, and (f) pgriiab.

The dynamics were induced by light oscillating between 100 and 800 pmol photons m

-2 s—1

with periods in the range of 1's to 8 min. The black dots indicate at

which phase the maximum of the apparent Fd oxidation at a given period occurred. The color scale ranges from blue to red and represents the apparent oxidation
of Fd relative to the state at minimum light level 100 umol photons m~2s~" from low to high. Blue indicates that Fd was more reduced than at the light minimum,
while red indicates that Fd was more oxidized than at the light minimum. The contour lines separate signal ranges of 5% of oxidation-reduction. The brown
dashed rectangles indicate long periods of 2, 4, and 8 min (p domain), and the purple dashed rectangles indicate short periods of 1, 5, and 10's (a« domain).
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Two frequency limits at which the dynamics of NPQ in WT, npql and npq4 change
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Fig. 7 Elemental harmonic components contributing to the natural fluctuations are classified into three frequency domains in which distinct dynamic
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responses occur (a, o/p, B). The scheme here represents a hypothesis that is proposed to explain the observed frequency responses of wild-types (WT) and
npq1 and npg4 genotypes in these three domains. The nonphotochemical quenching (NPQ) response in the a/p boundary domain is proposed to be PsbS-
dependent. The response to slow oscillations in the p domain is in addition formed also by violaxanthin de-epoxidase enzyme (VDE)-dependent NPQ that
is tentatively proposed to occur with periodic reorganization of the thylakoid membrane. The dark- or low-light-adapted thylakoids are organized in large
grana with narrow lumen space, reducing the area of contact between the grana membranes (green ellipses) and stromal lamellae (brown ellipses). With
increasing the light intensity toward the maximum of the oscillation in our study, the thylakoids were proposed (Wood et al., 2018; Johnson & Wientjes,
2020) to be reorganized into numerous smaller grana, creating a larger area of contact between the grana membranes (green ellipses) and stromal lamellae
(brown ellipses). Thylakoid lumen volume is proposed to expand with increasing light intensity and shrink when the light is decreasing (Kirchhoff

etal., 2011). The lumen pH-controlled regulation of PSII light harvesting efficiency (NPQ) is indicated by the brown valve symbol. The cycles with blue-
and orange-colored arrows represent transitions between low- and high-light states and back that may occur periodically during the light oscillations.
Orange arrows indicate NPQ induction processes, triggered by decreasing luminal pH, while blue arrows indicate the corresponding NPQ relaxation pro-

cesses. ZEP, zeaxanthin epoxidase.

manifested here by the changing dynamic response of plant
photosynthesis, here ChlF, and the PC, P700, and Fd proxies, to
light oscillations.

This work identified three types of plant responses that
occurred in three frequency domains of light oscillations (a,
a/p, B) that often occur in plant canopies. The three domains
are separated from each other by two frequency limits that
were identified here by qualitatively changing NPQ dynamics
in wild-type and the npgl and npg4 mutants (Fig. 3). This
led us to formulate the hypotheses on two frequency limits of
PsbS- and VDE-dependent NPQ that limit the operation
range in natural fluctuating light: the first separating the
domain o from o/f at ¢ 1/10-1/30s ' and the second
between the domains a/f and f, by the separating limit at «
1/60-1/120s" (Fig. 7). The contrasting responses of the
crr2-2 and pgrllab CET mutants also supported the hypoth-
esis that parallel pathways or mechanisms acting toward the

© 2023 The Authors
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same function respond differenty in the o, o/, and P
domains of the oscillating light.

Light oscillations in the a domain were too fast to be
followed by NPQ

The light oscillations in the o domain were rapid and NPQ,
being unable to follow the fast changes, responded mainly to the
average irradiance. This static NPQ response reduced both sta-
tionary and oscillatory components of ChlF and was strongest in
wild-type’s that were competent both in the PsbS- and VDE-
dependent quenching, and it was weakest in the npg4
PsbS-deficient mutant. The PC, P700, and Fd proxies were also
following the rapid light modulation in the a domain with a
small delay which can be expected for the unregulated system of
reactant pools that are filled and emptied by photosynthetic light
reactions (Figs 4-6). The delay was larger for the faster light
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oscillations indicating inertia of the pools. The only exception
was the pgrllab mutant in which the electron transport was pre-
sumably congested, eliminating largely any variability (Shima-
kawa & Miyake, 2018).

Light frequencies in the boundary domain a/p elicited
resonant enhancement of ChlF oscillations

The boundary o/p domain, represented here by the periods 30
and 60 s, was characterized by a crest maximum of ChIF that was
found in plants competent in the PsbS-dependent NPQ and was
absent in the #pg4 mutant missing PsbS (Li e# al, 2000). This
dynamic feature can be assigned to the onset of the PsbS-
dependent NPQ in light periods as short as 30 s. We propose that
with these short periods, the VDE-dependent NPQ was unable
to respond fast enough and the PsbS-dependent NPQ defined
the plant’s dynamic response in this domain alone (Fig. 7). The
PsbS-dependent regulation activated in the a/f domain, marked
by an increase in ChlF may thus be responsible for the resonance
identified earlier (Nedbal & Bfezina, 2002) and also may play a
role in the spontaneous oscillations in plants that also occur with
a period ¢ 60 s (Delieu & Walker, 1983; Lazér ez al., 2005), that
is, within the o/p domain. More on the resonance and sponta-
neous oscillations is available in Notes S1: Figs A—C. Despite the
striking similarity between the resonance frequency and the fre-
quency of spontaneous oscillations, involvement of PsbS-
dependent regulation in the spontaneous oscillations of plants
remains to be tested by future direct experiments that would also
clarify if there were a synergy with activation of the Calvin—Ben-
son cycle (Kaiser et al., 2016; Graham ez 4l., 2017).

The slow light oscillations in the § domain permitted a
complex plant response

The oscillatory component of the ChlF yield was in the f
domain in wild-types strongly suppressed by PsbS- and VDE-
dependent NPQ. The redox changes near PSI that were
induced by slowly oscillating light occurred in wild-types, how-
ever, with high amplitudes despite the efficient NPQ. The con-
trast between the P700 and PC redox changes during the slow
light oscillations (Figs 4, 5) was found also in the ¢772-2 and
pgrllab mutants that were impaired in the CET pathways. We
propose that the contrasting dynamic behavior of the PSI com-
ponents might be caused by a periodic light-induced reorgani-
zation of the thylakoids that may differently affect PC and
P700 (Ruban & Johnson, 2015; Unnep et al., 2017; Johnson
& Wientgjes, 2020; Li er al, 2020; Hepworth et al, 2021).
Other alternative explanations for the observed slow changes
could be the activation and deactivation of the Calvin—Benson
cycle (Kaiser et al, 2016; Graham et 4/, 2017), malate valve
(Thormihlen et al, 2017), chloroplast movements (Kihara
et al., 2020), or changing stomata conductance (Matthews
et al, 2018; Li et al, 2021). The last two alternative mechan-
isms are however unlikely because we have not used blue light
excitation that is known to elicit chloroplast movements and
the light changes were in our experiments too fast to be

New Phytologist (2023) 239: 1869-1886
www.newphytologist.com

New
Phytologist

followed by the stomata aperture. Based on our results, slow
light oscillations up to the period of 8 min are proposed to eli-
cit periodic changes in PsbS- and VDE-dependent NPQ
together with periodically changing thylakoid organization
(Fig. 7). The effect of such a concerted regulation is small in
the PsbS-impaired 7pg4 mutant and limited in the VDE-
impaired 7pgl mutant, indicating that PsbS, VDE, and thyla-
koid reorganization (Horton & Ruban, 2005) are required for
fully functional regulation in the slowly oscillating light.

According to this model (Fig. 7), the PsbS-dependent NPQ
plays an indispensable role in the plant’s response to light that
oscillates in the o/p and B domains. The npg4 mutant impaired
in this function will, in a natural fluctuating light with a range
covering 30 s to 8 min, experience largely undamped oscillations
in its electron transport chain and, most likely suffer from a
dynamic load stress even though PAR may remain in the oscilla-
tions far below high levels that would cause photoinhibition in a
static light.

On the complementarity of the time- and
frequency-domain experiments

It is important to note that the widely explored dark-to-light
induction yields information that is not equivalent to the infor-
mation obtained from plant response to oscillating light or to
natural fluctuating light. Namely, rate constants obtained in
dark-light induction experiments may co-determine the fre-
quency limits in a, potentially, complex way. The rate constant
of antheraxanthin accumulation 1/130-1/260s™" reported in
Wehner ez al. (2006) for different lhcb complexes is not far
from the lower frequency limit that we found separating the a/f
domain from B (1/60-1/120s""). Other work (Nilkens
et al., 2010) characterized the NPQ response by two characteris-
tic time constants. In wild-type, they found a fast component
with 70% relative contribution responding with a characteristic
time of 60s and a slower 30% component with 570s. In
mutant plants, the components were 50% and 50% and
appeared with characteristic times of 460 and 2600s in npg4
and 9 and 1600s in npgl. We underline however that the
experimental protocol in Nilkens ez @/ (2010) is fundamentally
different compared with ours because dark-to-light experiments
map the entire transition of plants from neutral pH in lumen
(no NPQ) to acidic pH in lumen (active NPQ). The oscillating
light in our experiments, however, never dropped below 100 p

*s ~"and pH in the thylakoid lumen was likely

mol photons m™
also oscillating in already acidic range and NPQ was already lar-
gely activated. The dynamic response of NPQ in our experi-
ments reflected coupling of oscillating light and pH changes in
the acidic range and further to activation and deactivation of
molecular processes that involve PsbS and VDE and that control
antenna excitation and, eventually, ChlF. One can further illus-
trate the difference between the rate constants measured in
dark-to-light induction experiments and the frequency limits
identified here using the VDE-dependent NPQ. The conven-
tional time-domain induction experiments reveal dominantly
the de-epoxidation of violaxanthin into antheraxanthin and
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zeaxanthin, whereas the frequency limit found in the oscillating
light would depend both on the de-epoxidation dominating in
the rising light and the relatively slow epoxidation in the declin-
ing light. We propose that antheraxanthin and zeaxanthin pro-
duced during the preillumination and high-light phases of the
oscillation did not significantly decline during the relatively
short periods of low light during the oscillation. This could
change in higher temperatures at or above 25°C when the epox-
idation is faster (von Bismarck et al, 2023). Our hypothesis
about stationary concentrations of antheraxanthin and zeax-
anthin in fluctuating light needs to be further tested also by
experiments in which the xanthophyll concentrations in the
leaves would be directly measured during the light oscillation.
The methodology described in Nilkens ez @/ (2010) cannot
however be used for the range of periods applied here and,
therefore, methods with a higher time resolution will need to be
applied. This future development is required to test the hypoth-
esis that the VDE-dependent oscillatory NPQ in the tested fre-
quency range requires zeaxanthin or antheraxanthin to be
present, but that the respective NPQ periodic changes are not
caused directly by oscillating xanthophyll concentrations.

Outlook

Experiments using the KLAS-NIR spectrometer also revealed
that the redox changes in and near PSI that were induced by
oscillating light remained highly dynamic despite effective NPQ
regulation in wild-type plants. The dynamic changes around PSI
were largely independent of the mutations affecting NPQ. In the
slow oscillation p domain, the dynamics of P700 were pro-
foundly different from those of PC (Figs 4, 5). This may seem
contradictory to the close interaction between the two redox
components, with PC shuttling electrons from Cyt 44fto P700.
We propose that unlike P700 dynamics, the PC dynamics is
modulated by a factor that connects both photosystems, such as
photosynthesis (Suorsa et al, 2013; Colombo
et al., 2016; Johnson & Berry, 2021) and/or systemic properties
such as changing thylakoid topology (Unnep ez al, 2017; John-
son & Wientjes, 2020; Li ez al, 2020; Hepworth et al., 2021)
that affects PC diffusion (Kirchhoff ez al,, 2011). The remodeling

of the thylakoid membrane structure in slowly oscillating light

control

may affect pronouncedly the heterogeneity of the plastoquinone
pool and Cyt &4fin granal and stromal segments of the thylakoid
membranes (Joliot ez al., 1992; Kirchhoff ez al, 2000; Malone
et al., 2021). The PQ pool in the grana thylakoid domains parti-
cipates in the linear electron transport from PSII to Cyt bgf,
whereas the PQ pool in the stromal thylakoid domains serves pri-
marily for CET (Fig. 1). Furthermore, one ought to consider that
PC transports electrons from Cyt 4¢f'to P700 over long distance
(Héhner et al., 2020), presumably with a low probability of back-
ward electron transfer from P700 to PC and is subject to photo-
synthesis control (Johnson & Berry, 2021). The proposed effect
of the thylakoid remodeling on the photosynthetic dynamics
needs to be further examined because it may entail fundamental
consequences for studies that are based on the dark-to-light tran-
sitions in the time domain. Unlike these traditional experimental

© 2023 The Authors
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protocols, the frequency-domain experiments employing oscillat-
ing light are applied to light-acclimated plants rather than to
plants that change from dark-acclimated to light-acclimated
state.

Identifying and quantifying frequency limits for operation of
regulatory mechanisms and alternative pathways in plants
exposed to oscillating light holds promise for improvements of
photosynthetic efficiency in nature under fluctuating light. This
may parallel the tremendous success of applying frequency-
domain analysis in engineering and other fields of science
(Ogata, 2010). At the molecular level, our work is broadly
important in directly supporting the discovery of processes
responsible for the regulation of photosynthetic electron fluxes
and redox homeostasis in fluctuating light environments mimick-
ing natural conditions. We also anticipate that at the leaf tissue
level, new insights will be gained regarding the coupling of elec-
tron transfer with stomatal conductance and photosynthetic rates
and the acclimation of these processes to fluctuating light envir-
onments (Matthews ez al., 2018).

Based on these considerations, novel screening assays could be
devised to characterize physiological manifestations of mutations
and genetically diverse germplasm. These assays could detect
altered metabolic control networks and support the identification
of genetic mechanisms controlling dynamic responses to fluctuat-
ing environmental conditions. The potential applications of the
methodologies presented here range from the integration in auto-
mated plant phenotyping platforms in controlled environments
and glasshouses to the use in plant agro-ecological research
through newly designed portable devices.
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Notes S1 Introduction to frequency-domain analysis.
Notes S2 Raw ChIF yield data.
Notes S3 Influence of light history on the signal patterns.

Notes S4 ChlF yield data shown without separating the oscilla-
tory and stationary components.
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