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ABSTRACT

Plants are subjected to fluctuations in light intensity, and this causes unbalanced
photosynthetic electron fluxes and overproduction of reactive oxygen species (ROS). Electrons
needed for ROS detoxification are drawn, at least partially, from the cellular glutathione (GSH)
pool via the ascorbate-glutathione cycle. Here, we explore the dynamics of the chloroplastic
glutathione redox potential (chl-Ecsy) using high-temporal-resolution monitoring of
Arabidopsis (Arabidopsis thaliana) lines expressing the reduction-oxidation sensitive green
fluorescent protein 2 (roGFP2in chloroplasts. This was carried out over several days, under
dynamic environmental conditions and in correlation with PSII operating efficiency. Peaks in
chl-Egsn oxidation during dark-to-light and light-to-dark transitions were observed. Increasing
light intensities triggered a binary oxidation response, with a threshold around the light
saturating point, suggesting two regulated oxidative states of the chl-Egsn. These patterns were
not affected in npgl plants, which are impaired in nonphotochemical quenching. Oscillations
between the two oxidation states were observed under fluctuating light in WT and npgl plants,
but not in pgr5 plants, suggesting a role for PSI photoinhibition in regulating the chl-Egsn
dynamics. Remarkably, pgr5 plants showed an increase in chl-Egsy oxidation during the nights
following light stresses, linking daytime photoinhibition and nighttime GSH metabolism. This
work provides a systematic view of the dynamics of the in vivo chloroplastic glutathione redox
state during varying light conditions.

© American Society of Plant Biologists 2021. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Introduction

As sessile organisms that grow under highly variable light intensities, plants must
constantly sense, respond, and adapt to the instantaneous modulation of daytime photon
fluxes. This regulation is critical when the absorption of light energy, and the resulting
production of NADPH and ATP, exceed the capacity of downstream reactions. This
may occur either during the dark-to-light transition, under high light, or under
fluctuating light intensities (Tikhonov, 2015; Kono and Terashima, 2014). Under these
circumstances, over reduction of the photosynthetic electron transport chain can
produce deleterious reactive oxygen species (ROS) in chloroplasts.

Several photoprotective mechanisms have evolved in plants to achieve
homeostasis and optimal photosynthetic performance under high light and fluctuating
environmental conditions, thereby protecting the photosynthetic machinery from light
stresses. Among them are energy dissipation via heat, known as non-photochemical
quenching (NPQ; Demmig-Adams, 1990; Horton and Ruban, 1992), cyclic electron
flow (CEF; Arnon et al., 1954; Tagawa et al., 1963) and the water-water cycle (WWC;
Mehler, 1951). Plants also cope with ROS overproduction by generating low molecular
weight antioxidants such as glutathione (GSH) and ascorbate, as well as antioxidative
enzymes such as ascorbate peroxidase (APX) and peroxiredoxins (Mittler et al., 2004;
Takahashi and Badger, 2011; Kono and Terashima, 2014).

The rapid NPQ component, known as qE, is induced by increasing acidification
of the thylakoid lumen and involves the activity of violaxanthin de-epoxidase (VDE),
which catalyzes the conversion of violaxanthin to zeaxanthin (Niyogi et al., 1998).
Analysis of the VDE null mutant (npgl), demonstrated that this mechanism increases
plant tolerance to variation in light intensity by protecting photosystem Il (PSII) under
fluctuating light conditions in the field (Kilheim et al., 2002).

CEF and the WWC play a role in balancing the stromal ATP/NADPH ratio
according to requirements of primary metabolism and the need for protecting
photosystem | (PSI) from photoinhibition (Avenson et al., 2005; Shikanai, 2007;
Takahashi et al., 2009; Miyake, 2010). CEF and the WWC thereby serve as electron
sinks under excessive light conditions (Ort and Baker, 2002; Asada, 1999). In higher
plants, two CEF pathways are known to exist: the PROTON GRADIENT
REGULATION 5 (PGR5)-dependent pathway, which is believed to be the main
pathway in C3 plants, and the NADH dehydrogenase-like (NDH)-complex-dependent
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pathway (Shikanai, 2016). While PGR5 is a key player in protecting PSI functionality
by regulating CEF (Munekage et al., 2002; Suorsa et al., 2012; Suorsa et al., 2013), the
mechanism for its action is not yet clear. When grown under high light or fluctuating
light, the Arabidopsis thaliana (Arabidopsis) PGR5 null mutant (pgr5) shows stunted
growth, impaired NPQ, a lower electron transport rate (ETR) relative to the wild type
(WT) (Munekage et al., 2002) and also shows severe damage to PSI (Munekage et al.,
2004; Suorsa et al., 2012). Therefore, exposure of pgr5 to increased light intensities has
served as an experimental model for assessing the physiological effects of PSI
photoinhibition (Tiwari et al., 2016).

During the WWC, electrons are donated from PSI to molecular oxygen in the
Mehler reaction, yielding superoxide radicals (O2"), which are then dismutated to
molecular oxygen (O2) and H20: in a reaction catalyzed by superoxide dismutase
(SOD; Mehler, 1951; Rizhsky et al., 2003). Subsequent reduction of H.O> to water is
mediated mainly by ascorbate peroxidases (APXs) and peroxiredoxins (PRX; Awad et
al., 2015). APX relies on electrons from reduced glutathione (GSH), channeled to APX
through the ascorbate-glutathione cycle (Foyer and Noctor, 2011). In addition,
ascorbate can also be directly regenerated by ferredoxin or by NAD(P)H via MDA
reductase activity (Asada, 1999). Thus, electrons for the detoxification of WWC-
derived H20, are drawn, at least partially, from the cellular glutathione pool. Notably,
the production of H.O through the WWC can play a regulatory role, allowing
communication between the photosynthetic light-harvesting reactions and downstream
metabolic processes by transmitting oxidative signals to redox-regulated proteins
(Dangoor et al., 2012; Eliyahu et al., 2015).

In the past fifteen years, redox-sensitive green fluorescent proteins (roGFPs) have
allowed for in vivo monitoring of the glutathione redox potential (EgsH) at high
spatiotemporal resolution (Meyer et al., 2007; Rosenwasser et al., 2010; Nietzel et al.,
2019). In vitro characterization of roGFP showed that roGFP reduction and oxidation
are mediated by glutaredoxins (GRXs), which catalyze the reversible electron flow
between glutathione and target proteins (Meyer et al. 2007; Gutscher et al., 2008; Trnka
et al., 2020). In addition, the redox status of roGFP was not significantly affected by
thioredoxin (Trx) or other redox-active compounds such as NADPH and ascorbate
(Meyer et al. 2007; Gutscher et al. 2008). The pronounced preference of roGFP for
EcsH was further corroborated by using GSH biosynthesis inhibitors and Arabidopsis

mutants compromised in GSH biosynthesis and reduction of glutathione disulfide
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(GSSG) (Meyer et al. 2007; Meyer and Dick, 2010; Marty et al., 2019). Importantly,
recording of the roGFP fluorescence and its dynamics appears to reflect the
transmission of redox signals, ultimately leading to modulation of the redox state of
native target proteins of GRXs (Meyer, 2008; Rosenwasser et al., 2014).

Due to their high sensitivity, reversibility and insensitivity to pH alterations in the
physiological range (Schwarzlander et al., 2008), roGFP-based redox sensors are
powerful tools for investigating redox dynamics in subcellular compartments. Recently,
roGFP-expressing plants and algae have been tested under various biotic and abiotic
stresses and were shown to develop organelle-specific roGFP oxidation patterns (Bratt
et al., 2016; van Creveld et al., 2015; Mizrachi et al., 2019; Volpert et al., 2018;
Rosenwasser et al., 2010; Nietzel et al., 2019).

The balance between ROS production and its scavenging by the chloroplastic
GSH pool was suggested to play a significant role in sensing and responding to light
stress because a disruption of this balance by elevating either GSH or ROS levels results
in oxidative stress (Foyer et al., 1997; Karpinski et al., 1997; Creissen et al., 1999;
Mullineaux et al., 2018). However, the diurnal dynamics of the chloroplastic
glutathione redox state in response to changing light conditions have not been
systematically explored. Here, we examined diurnal fluctuations in chloroplastic EgsH
under different light conditions by developing an automated system for monitoring the
roGFP oxidation state throughout the day and night. We discovered unique patterns of
chloroplast-specific Ecsn under normal, high-light and fluctuating light conditions.
Moreover, by examining these patterns in Arabidopsis lines that are mutated in key
proteins involved in photoprotective mechanisms, we revealed their interaction with the

chloroplast GSH redox state.

Results
The chloroplastic EcsH redox state is directly affected by photosynthetic electron
transport

In order to map the in vivo temporal alterations in the chloroplastic Ecsn (chl-
EcsH) under ‘steady state’ and light treatment conditions, we used a chloroplast-targeted
redox-sensitive GFP 2 sensor (chl-roGFP2; Fig. 1). Chloroplast targeting was achieved
by using either the transketolase signal peptide (chl-TKTP-roGFP2, Schwarzlander et
al., 2008) or a 2-Cys peroxiredoxin A signal peptide (chl-PRXaTP-roGFP2, this study),
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as both target proteins to the chloroplast stroma (Konig et al., 2002; Schwarzlénder et
al., 2008). Chloroplast targeting was verified by the overlap of the chl-roGFP2
fluorescence signal with the chlorophyll fluorescence signal (Fig. 1A and Supp. Fig. 1).
To monitor the response of the entire Arabidopsis shoot rosette to imposed redox
changes, three-week-old plantlets with ubiquitous expression of chl-roGFP2 were
examined. Whole-plant in vivo fluorescence images showed that external application
of H20> caused an increased emission after excitation at 405 nm fluorescence intensity
and decreased when excited at 465 nm (Fig. 1B). Conversely, treatment of plants with
DTT caused a less intense signal with 405 nm excitation and increased brightness with
465 nm excitation. (Fig. 1B). Ratiometric analysis of the raw images (405nm/465nm)
resulted in informative false-color images showing the oxidation and reduction of the
probe after application of H2O2 and DTT, respectively (Fig. 1B), as well as a positive
correlation between the concentration of H2O: applied and chl-roGFP2 oxidation
(Supp. Fig. 2). These results validated the sensitivity of chl-roGFP2 to redox alterations
and are consistent with probe performance, previously observed in plant and
mammalian cells (Dooley et al., 2004; Jiang et al., 2006; Meyer et al., 2007;
Schwarzlénder et al., 2008).

To examine the dependence of the redox state of chl-roGFP2 on photosynthetic
activity, we treated plants with various concentrations of H20- to induce oxidation, and
we subsequently measured the recovery of chl-roGFP2 from oxidation under different
light intensities. Regardless of the applied H2O2 concentration, the chl-roGFP2
fluorescence ratio immediately declined, resulting in distinct concentration-dependent
peaks (Fig. 1C). Surprisingly, the decline was light-dependent and became faster and
more efficient with increasing light intensities (Fig. 1C). Almost full reduction of chl-
roGFP2 was only achieved when plants were illuminated with high light (1000 uE m
s1). In this case, ratios for plants treated with 500 mM H02 approached resting levels
with low fluorescence ratios after about 200 min (Fig. 1C). While light-depended chl-
roGFP2 reduction was observed following H.O: treatment, probe oxidation was
observed in plants exposed to one hour of high light conditions (700 pmol m s%), but
not in plants pretreated with 150 pM 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), as determined by whole-plant imaging (Fig. 1D) and quantitative fluorometry
(Fig. 1E). Compared to control plants, a higher level of oxidation was observed in
DCMU-treated plants after 3h under high-light (HL). Taken together, these results
suggest that the chl-roGFP2 redox state is directly affected by photosynthetic activity.

120Z Y9Sel\l 70 Uo Josn 69|00 anus) Aq 9¢1611.9/8900BON/1991d/€601"01/10P/aI0NE-80UBADE/|[99]d/WO0"dNO"OILSPEDE//:SAY WOl PAPEOjUMO(



Distinct patterns of chloroplastic EcsH during a diurnal cycle

The observed relationship between photosynthesis activity and chl-roGFP2
redox state motivated us to systematically monitor its oxidation patterns under normal
growth light and under changing light conditions. To this end, we developed an
automated system that allows for continuous measurement of the degree of oxidation
(OxD) of chl-roGFP2 and chlorophyll-fluorescence-derived photosynthetic parameters
from many plants under dynamic environmental conditions (see Methods).
Examination of chl-roGFP2 oxidation under typical laboratory growth conditions, over
the entire day (16 h light at 120 umol m s/8 h dark), showed a stable chl-roGFP2
state during the day of approximately OxD = 25%. Taking into account a stromal pH
of 8, this OxD would correspond to an EcsH = -347 mV. These results are in agreement
with previous calculations of chloroplastic Egst under steady-state conditions
(Schwarzlander et al., 2008; Rosenwasser et al., 2010). The average daytime OxD was
then taken as a ‘steady-state’ reference point and pronounced deviations in OxD that
occurred during the transition from dark to light and vice versa were expressed as
AOxD. A peak of oxidation with an increase in OxD of about 10% (AOxD = ~ 10%)
occurred during dark-light transition (Fig. 2A).

Surprisingly, a very similar peak of transient oxidation with the same amplitude
occurred during the light-dark transition. In this case, however, OxD did not return to
the steady-state level but rather became even more reduced as AOxD = -13%. This
reduction was then followed by gradual oxidation, which after about 6 h stabilized just
below the steady-state daytime reference value (Fig. 2A). To better interpret chloroplast
redox-metabolism-alterations during the nighttime, we estimated stromal NADPH
availability using Arabidopsis plants expressing the recently developed NADPH sensor
(TKTP-iNAP4; Tao et al., 2017; Lim et al., 2020). The observed increase in the TKTP-
INAP4 ratio (Fig. 2B), obtained by dividing the emissions at 510 nm after sequential
excitation at 400 nm and 485nm suggests an increase in NADPH levels at the
beginning of the night, implying that the corresponding reduction of EcsH is governed
by the higher reduction rate of the GSH pool by Glutathione Reductase (GR).

To further characterize the oxidation occurring during dark-to-light transitions,
we collected data from 20 experiments, cumulatively involving approximately 2600
plants. This large data set allowed for a high-temporal resolution analysis of the chl-
roGFP2 OxD values that surround the transitions points. Within the first minute of the

light phase, we observed a rapid burst in chl-roGFP2 OxD levels that remained stable
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for 10-15 min, and this was followed by chl-roGFP2 reduction towards steady state day
time values determined after about 20 min (Fig. 2C). Contrastingly, chl-roGFP2
oxidation in the light-dark transition occurred approximately 5 min after lights were
switched off. This oxidation of AOxD = ~ 10% was followed by a gradual reduction,
reaching values that were detected during the day after 20 min (Fig. 2D). These results
demonstrate significant oxidation of stromal Egsn during darkness-light transitions and
imply the transmission of oxidative signals during the induction and termination phases
of photosynthesis.

The chloroplastic Ecs+ dynamically responds to high-light conditions.

Next, we focused on investigating the dynamics of chl-Egsn under HL
conditions. First, we assessed the induction of the WWC and the ascorbate-glutathione
cycle under HL conditions by quantifying the level of expression of chloroplast-
targeted genes involved in these pathways and several established marker genes for
oxidative stress (Fig. 2E, The complete list of genes is described in Supplemental Data
Set 1). Plants were exposed to three hours of normal growth conditions (120 pmol m
s'1) at the beginning of the day, followed by a phase of different HL conditions at 850
or 1700 umol m2 s for a 6-h period. After the HL phase, the light was dimmed again
to the normal intensity for an additional 7-h period, followed by 8 h of darkness.
Samples for RNA extraction were collected at different time points during the HL
phase, after returning to normal growth conditions and during the subsequent dark
phase. Control plants were exposed to normal growth conditions of 120 pmol m? s
for the entire 16-hour light period.

We observed induction in four genes encoding for chloroplastic superoxide
dismutase (FSD1, FSD2, FSD3 and CSD2) and the gene for stromal ascorbate
peroxidase (SAPX) during the HL phase. Moderate induction was also observed for
monodehydroascorbate reductase (MDARG6), and dehydroascorbate reductase
(DHAR3) and two peroxiredoxins (PRXQ and PrxIIE). No changes in the expression
level of glutathione reductase 2 (GR2) were observed. We also observed the induction
of two H20: specific markers FER1, FIN4 (op den Camp et al., 2003; Gadjev et al.,
2006) as early as 1 hour into the HL phase in both examined HL irradiances and the
induction of two general oxidative stress markers, TI1 and At2g21640, mainly in
response to 1700 umol m2 s, These results point to the induction of the WWC and

ascorbate-glutathione cycle under the examined HL conditions.
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We thus investigated chl-roGFP2 OxD patterns under HL conditions by
exposing plants to various HL intensities during a 24-h cycle. Plants were exposed to
three hours of normal growth light conditions (120 umol m2 s™) at the beginning of the
day, after which the light irradiance was raised to various intensities (220, 330, 450,
550, 650, 750, 850, 1200, 1500 or 1700 pmol m? s™) for a 6-h period. After the HL
phase, the light was dimmed to the normal growth light conditions for an additional 7-
h period, followed by 8 hours of darkness. (Fig. 2F inset). In addition to chl-roGFP2
oxidation (Fig. 2F), the PSII operating efficiency (®PSII) was continuously monitored
based on chlorophyll fluorescence imaging (Fig. 2G).

We observed immediate chl-roGFP2 oxidation, followed by a gradual
reduction, when plants were shifted from 120 pmol m s to any higher light intensity,
indicating a rapid chl-EgsH response to unpredicted increases in the light input (Fig.
2F). No significant changes in the TKTP-iNAP4 ratio were detected upon shifting of
plants from normal growth light conditions to HL of 850 pmol m s, implying that
higher ROS production rates dominated the increase in chl-roGFP2 oxidation (Supp.
Fig. 3). Further reduction and stabilization of the chl-roGFP2 redox state were observed
when plants were returned to normal growth light conditions after the HL period (Fig.
2F). Reduction at the onset of darkness, followed by gradual oxidation, as observed
during normal growth conditions, was observed for all light treatments (Fig. 2F).
Similar chl-roGFP2 diurnal patterns were observed when plants were exposed to
similar light treatments under elevated CO: levels (850 ppm), despite slightly higher
reduction rates during the HL phase (Supp. Fig. 4). These light-induced chl-roGFP2
oxidation patterns were not observed in any of the DCMU-treated plants, which
exhibited gradual oxidation of the roGFP2 probe, further pointing to the direct
regulation of roGFP2 dynamics by photosynthesis (Supp. Fig. 5).

To ensure that the observed HL responses were not affected by the availability
of endogenous GRXs, which catalyze the reversible electron flow between GSH and
roGFP, we examined oxidation patterns in plants expressing chloroplast-targeted Grx1-
roGFP. In this probe, the human glutaredoxin-1 (Grx1) is fused to roGFP2; hence its
equilibrium with the glutathione redox couple is not dependent on endogenous GRXs
(Marty et al., 2009; Park et al., 2013). Similar diurnal oxidation patterns to those
observed with unfused roGFP2 under HL were detected using the Grx1-roGFP (Supp.
Fig. 6). Furthermore, the examination of the expression level of seven genes coding for

chloroplast targeted GRXs under HL conditions showed that their expression levels
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were either unchanged or slightly upregulated (Supp. Fig. 7). These results suggest that
both probes are suitable for monitoring the chloroplastic Egsy under dynamic light
conditions.

Examination of the correlation between chl-roGFP2 oxidation and light
irradiance revealed a binary response rather than a quantitative correlation. Irradiance
values of 220-650 pmol m2 s? triggered a similar initial chl-roGFP2 AOxD of
approximately 10%, which is equivalent to an increase in Ecsn of approximately 6 mV.
In contrast, irradiances of 750-1700 pmol m? s, the initial oxidation was
approximately 20%, which is equivalent to an increase in Egsn of approximately 13mV.
In contrast, the decrease in ®PSII correlated with the light intensity (Fig. 2G). This
binary response suggests a light-dependent threshold of chl-roGFP2 oxidation near 750
nE m2 s71, which matched the light saturation area, as indicated by light-response
curves generated based on chlorophyll fluorescence measurements (Supp. Fig. 8).
Overall, the data show the differential response of photosynthesis efficiency and redox
metabolism to HL and suggest a regulatory role of chl-Egsn during the shift from light-
unsaturated to light-saturated photosynthesis.

Fluctuating light triggers oscillations in stromal EcsH

As plants in the field are inevitably confronted with varying light intensities, we
further examined chl-roGFP2 redox dynamics under conditions of fluctuating light (FL)
(Fig. 3). To this end, after an initial illumination phase at 120 umol m2 s, plants were
exposed, in the middle of the day, for 6 hours of FL alternating between 1700 pmol m
2s1and 120 umol m? s?, in intervals of 1, 5 or 10 min (Fig. 3A, D and G). Under all
tested frequencies, a gradual and partial loss of photosynthetic activity was observed,
as indicated by decreasing ®PSII values, reaching a minimum at the end of the FL
period (Supp. Fig. 9). Shifting plants back to normal light conditions resulted in partial
®PSII recovery, with values still lower than those measured at the beginning of the day
(Supp. Fig. 9). Plants exposed to the 1 min intervals showed a pattern that resembled
HL treatments, including initial chl-roGFP2 oxidation (AOxD = ~20%, Fig. 3B),
followed by a gradual reduction when plants were moved back to normal growth light
conditions. In contrast, oscillations in the chl-roGFP2 oxidation were observed in plants
exposed to intervals of 5 min and 10 min (Fig. 3E and H).

To make sense of the original data, we simplified the visual analysis and

extracted all values recorded during the 6-hour FL treatment and combined these data
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into a single apparent FL cycle, i.e., all AOxD values were sorted according to their
relative time in the FL cycle (e.g. from the 10 min FL cycle experiment depicted in Fig.
3H, values for both 20 min and 40 min were considered the 20" minute each for their
respective cycle and thus pooled together). This analysis resulted in a surprisingly clear
picture showing an oscillation between higher and lower chl-roGFP2 oxidation states
during the 5 min and 10 min FL cycles, while no oscillations could be observed for the
1-min FL cycle (Fig. 3C, F, I). For the 5-min and 10-min FL cycles, we observed a
gradual increase in oxidation during the HL phase and a decrease during the subsequent
normal light phase. Importantly, these patterns were conserved in all FL cycles, and
were not altered despite the gradual decrease in ®PSII during the FL phase (Supp. Fig.
9). It should be noted that the fact that no oscillations were observed in plants exposed
to 1-min intervals does not necessarily mean that that chl-EcsH is constant under these
conditions because equilibration of redox potentials between roGFP2 and the stromal
glutathione pools involves a GRX-catalyzed biochemical reaction and is thus not
instantaneous. Taken together, these results point to frequency-dependent oscillations
of the chl-Egsn under FL.

Damage of photosystem | suppresses oscillations of EgsH in fluctuating light

To examine the cross-talk between chl-Egsn patterns and light photoprotection
mechanisms, the chl-roGFP2 probe was expressed in npgl and pgr5 plants and chl-
roGFP2 OxD was measured in parallel with ®PSII under the same HL regimens (Fig.
4). Despite the clear decrease in ®PSII in npql, as compared to WT plants under
identical HL conditions (e.g., reaching approximately 0.3 and 0.5 under 1700 pmol m"
2 s, for npgl and WT plants, respectively; Fig. 4D, E), nearly identical chl-roGFP2
oxidation trends were observed in both lines (Fig. 4A, B). Severely impaired
photosynthetic efficiency was observed in pgr5 plants exposed to HL, reaching ®PSII
values of approximately 0.15 in plants illuminated at 1700 umol m2s? (Fig. 4F). As in
WT, shifting of pgr5 to HL resulted in fast oxidation, but chl-roGFP2 OxD values
recovered much quicker than in WT (Fig. 4C and Fig. 4A, respectively). These results
suggest that photoinhibition of PSII does not necessarily result in stronger chl-EgsH
oxidation and that PSI photoinhibition results in faster reduction rates of chl-Egsh.

As PGR5 was found to be essential for photoprotection, specifically under FL
conditions (Yamamoto and Shikanai, 2019; Yamori et al., 2016; Munekage et al., 2002;
Suorsa et al., 2013), we examined chl-roGFP2 oxidation in WT, npgl and pgr5 plants
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under FL conditions with 1- and 10-min intervals, as explained earlier. As shown for
HL, FL also resulted in an apparent decrease in ®PSII in npgl and pgr5 compared to
WT (Supp. Fig. 10). Recording of AOxD over an entire diurnal cycle with a FL phase
of 1-min intervals did not significantly impact the overall oxidation pattern compared
to plants exposed to continuous HL (Supp. Fig. 11A). Accordingly, no significant
difference in oxidation patterns was observed between the HL phase and the normal-
light phases of each cycle in all three lines (Supp. Fig. 12). Under FL condition of 10-
min intervals, the chl-roGFP2 redox state oscillated between relatively reduced and
relatively oxidized values, according to the relative timing within the FL cycle in WT
and npql plants (Fig. 4G and H). Intriguingly, the fluctuation in AOxD during the FL
cycle could not be observed in pgr5 plants (Fig. 41). Taken together, these results
demonstrate that the chl-EgsH response to FL conditions is dependent on PGR5 activity

and is impaired under PSI photodamage.

Gradual relaxation of chloroplastic EgsH oxidation and ®@PSII impairment in pgr5
plants

Interestingly, a significant increase in chl-roGFP2 OxD was observed in pgr5
plants during the night following high and FL conditions, denoting an increase in chl-
EcsH (Fig. 4C and Supp. Fig. 11A-B). As shown, oxidation levels gradually increased
during the night, reaching their maximum level at the end of the night period. The
observed shift in OxD of approximately 25% (compared to the end-of-day values) in
the night following HL phase of 1700 pmol m s denote an increase in chl-Egsn of
approximately 16 mV. To ensure that the observed light response in pgr5 is not affected
by the availability of endogenous GRXs. We examined the expression level of
chloroplast targeted GRXs at the end of the night. No significant changes in the
expression level of most chloroplast targeted GRXs were observed in pgr5 plants
exposed to HL compared to those exposed to normal light or WT (Supp. Fig. 13),
suggesting no alterations in the availability of endogenous GRXs at this time point. At
the end of the night, chl-roGFP2 OxD values returned to steady state OxD levels
immediately when the light was turned on. In agreement with the chl-Egsy oxidation,
we detected an induction of several oxidative stress marker genes (F6’H1, DLO1 and
TI1) at the end of the night exclusively in pgr5 plants expose to HL (Supp. Fig. 13).

To further elucidate this phenomenon, we subjected pgr5 plants to 72-h

experiments consisting of 24-h HL experiments (containing a 6-h HL period of 850 or
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1700 pmol m2s™), followed by two days with normal light (Fig. 5A, B; data gl1, which
served as the background line for the pgr5 mutation, are presented in Fig. 5C, D).
During the first day of recovery under normal-light conditions, ®PSII values were still
lower than in gl1 plants (0.5-0.56 in pgr5 versus approximately 0.7 in gl1), and night
chl-roGFP2 OxD oxidation clearly occurred again, albeit to a lower degree. Complete
relaxation of the night chl-roGFP2 OxD oxidation was observed during the third night
after HL treatment, reaching chl-roGFP2 OxD and ®PSII values comparable to those
observed under normal light conditions (Supp. Fig. 14). During the days, despite night
oxidation, the chl-roGFP2 values were comparable on all the examined days. This night
oxidation effect, which appeared hours after the HL stress, suggests a link between
photoinhibition during the day and alterations in redox metabolism during the nights
following the stress conditions.

Discussion

The light-dependent flow of electrons from water to ferredoxin, the
photosynthetic linear electron flow, produces the reducing power required for diverse
downstream metabolic events, including carbon, nitrogen and sulfur assimilation, as
well as for antioxidant activity. On the other hand, reduction of molecular oxygen at
the acceptor site of PSI is the primary source of superoxide anion radical (O2") and
H>02 in photosynthesizing chloroplasts (Asada, 1999; Badger et al., 2000). Thus, solar
energy is the source for reducing power and oxidizing agents, subsequently requiring
tight regulation to avoid imbalances between them.

The reduction of H2O> via the ascorbate-glutathione pathway is thought to be
the major mechanism leading to GSSG accumulation in plants (Rahantaniaina et al.,
2013). Although the direct role of the GSH pool in detoxifying photosynthetically
produced ROS has not been directly proven, and the involvement of DHARS has been
debated (Rahantaniaina et al., 2017; Polle, 2001), a recent study demonstrated the role
of GSH in recycling ascorbate under high-light conditions either nonenzymatically or
via DHAR activity (Terai et al., 2020). Accordingly, light-dependent alterations in chl-
EcsH likely reflect the balance between photosynthesis-dependent H,O> production and
NADPH availability for GR activity.

By applying whole-plant fluorescence imaging, we resolved the probe's spatial

fluorescence patterns and validated probe expression in the entire tissue (Fig. 1B). This
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is of interest as partial lack of the fluorescence signals resulting from gene silencing is
frequently reported for plant protein-based biosensors (Jones et al., 2014; Exposito-
Rodriguez et al., 2017). As silencing of the genetically encoded probe increase over
generations, working with earlier generations of the desired line is typically
recommended (Schwarzlander et al., 2016). Specifically, we have found chl-roGFP2
expression to be stable across generations in WT and the mutant lines used in this study.
Moreover, our measurements with chl-roGFP2 provided the same readout regardless of
whether or not a catalyzing GRX was fused to the probe or not. This suggests that the
amounts of GRXs capable of catalyzing the redox equilibration of roGFP2 with EgsH
are sufficient in chloroplasts for reliable measurements of chl-Egsn even with free
roGFP2. It is generally assumed that endogenous GRX-target proteins with redox-
sensitive thiols will respond to changes in chl-Egsh in a similar form as roGFP2 (Meyer,
2008). Thus, changes in chl-Egsn monitored with roGFP2 might indicate a light-
induced modulation in the activity of such stromal proteins.

By measuring chl-roGFP2 oxidation at high temporal resolution over several
consecutive days and in response to diverse light conditions, we revealed the dynamic
response of chl-Egsh to changing light conditions. The results presented showed
oxidation peaks during darkness-light and light-darkness transitions (Fig. 2C, D).
During the former, the discrepancy between the light-dependent reactions, which are
activated immediately upon light exposure, and the Calvin-Benson-Bassham cycle
reactions, which involves a 15-min activation phase, resulted in a limited overflow of
electrons from PSI to NADP* (Wirtz et al., 1982; Tikhonov, 2015) and transient
diversion of electrons to O reduction. The subsequent reduction of the chl-roGFP2
oxidation state may result from the full induction of CO> assimilation activity and a
decrease in Oz reduction in parallel with H2O. detoxification. These results align with
the suggested induction of the WWC during the induction phase of photosynthesis
(Radmer and Kok, 1976; Miyake, 2010; Volpert et al., 2018).

The light-dependent increase in oxidants, which triggers changes in chl-EgsH,
may transmit oxidative signals to redox-sensitive proteins during the photosynthesis
induction phase (Buchanan and Balmer, 2005; Rahantaniaina et al., 2013). Indeed, the
reception of oxidative signals by chloroplastic atypical thioredoxins (which regulate
NPQ induction and starch biosynthesis) was demonstrated shortly after illumination
(Dangoor et al., 2012; Eliyahu et al., 2015). Similarly, peaks in oxidant production
during light-dark transitions can play a regulatory role in oxidizing redox-sensitive
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proteins at night, allowing transmission of reducing signals when the light is turned on
again. Oxidative signals transmitted from H20> to target proteins, mediated by 2-Cys
PRX at the onset of the dark period, have been demonstrated (Ojeda et al., 2018;
Vaseghi et al., 2018; Eliyahu et al., 2015). Similarly, oxidation of key proteins in
photosynthesis, including the ATP synthase CF1-y subunit, fructose 1,6-bisphosphatase
(FBPase) and sedoheptulose 1,7-bisphosphatase (SBPase), has been observed after the
light was switched off (Yoshida et al., 2014). Dynamic response of the Egsn upon light-
to-dark transition was also recently reported in the model moss Physcomitrella patens
(Mdller-Schussele et al., 2020). However, the molecular features and biophysical
mechanism underlying the induction of these oxidation peaks during light-dark
transitions, as well as the possible involvement of the GSH/GRXs pathway in oxidizing
target proteins during the photosynthesis induction and termination phases, are still to
be resolved.

As opposed to a relatively reduced ‘steady-state’ under normal growth
conditions, chl-roGFP2 underwent considerable oxidation under HL conditions
followed by gradual reduction (Fig. 2F). Interestingly, light irradiances of 220-650
umol m2 s induced a lower chl-roGFP oxidation than irradiances of 750-1700 pmol
m2 s, while within the two ranges, there did not seem to be a significant difference.
This binary effect, together with the contrasting nonbinary behavior of the drop in
®PSII during the HL period, suggests a regulatory role for chl-Egsh, rather than a safety
valve for energy dissipation through the WWC. Furthermore, it also implies the
existence of a threshold near the light saturation point, which separates between two
distinct states of oxidant production and, consequently, the chl-EgsH. We hypothesize
that these two redox states signal distinct metabolic responses, in accordance with the
severity of the HL conditions. The similarity in chl-Egsn OXD patterns between WT
and npgl plants, despite the significantly lower PSII efficiency in the mutant line (Fig.
4), further supports this signaling role of chl-Egsn dynamics, as nonphotochemical
guenching is a major mechanism for dissipating excess photons in higher plants
(Osmond et al., 2000). The combination of increased antioxidant activity, as
demonstrated by the induction of antioxidant genes (Fig. 2E) as well as enhanced
consumption of reducing equivalents, may explain the gradual reduction observed
during the HL phase (Fig. 2F).

A frequency-dependent shift between two oxidation states was observed under

FL conditions (Fig. 3), suggesting its role in photosynthesis regulation under natural
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conditions, in which the solar flux varies due to the diurnal cycle, canopy structure and
varying cloud coverage. Interestingly, while a decrease in photosynthesis efficiency
was observed during FL (Supp. Fig. 9), the ability to shift between the two chl-roGFP2
oxidation states was not impaired throughout the FL period (Fig. 3). The fact that the
observed fluctuating oxidation patterns were not induced in pgr5 plants may point
towards a connection between PSI photoinhibition and rates of ROS production under
these conditions. This link is further displayed by the faster reduction rates observed in
par5 plants (Fig. 4C). It has recently been demonstrated that pgr5 plants are highly
sensitive to HL-induced damage of iron—sulfur (Fe-S) clusters of PSI. This damage
provides an additional photoprotective mechanism by inducing a nonphotochemical
photoprotective energy quenching state (Tiwari et al., 2016). Based on the data
observed here, we suggest that this PSI quenching state results in impaired regulation
of the chloroplast Egsn. This results are in line with the proposed role of PSI
photoinhibition in preventing excessive ROS production (Lima-Melo et al., 2019a) and
the increased antioxidant capacity and decreased production of superoxide and H>Oz in
pgr5 plants (Suorsa et al., 2012). Accordingly, alterations in ROS production and
downstream redox signaling may affect the sensitivity of pgr5 to FL conditions.

While focusing on light-dependent oxidant production, continuous diurnal chl-
roGFP2 OxD measurement uncovered a unique phenotype in pgr5 plants during the
nights following the HL and FL conditions. Pronounced gradual oxidation was
observed on the first night following the HL stress, reaching the highest observed OxD
from all experiments by the end of the night (Fig. 4C). Furthermore, nighttime oxidation
was observed again the next night and typical night redox patterns seen in control plants
were only observed in pgr5 plants on the third night after treatment (Fig. 5A). This
effect, which only surfaced hours after exposure to light stress, was not directly caused
by photoinhibition and may be related to the slow recovery time of PSI (Zhang et al.,
2011; Sonoike, 2011). Accordingly, restoration of CO assimilation in HL-treated pgr5
plants was achieved during the third day in normal light conditions and was attributed
to the recovery of PSI parameters, such as maximum oxidizable P700 and maximal
reduction state of ferredoxin (Lima-Melo et al., 2019b).

It is possible that chl-EcsH oxidation, observed during the two nights after HL
stress, results from starch starvation caused by PSI photoinhibition in pgr5 plants
(Lima-Melo et al., 2019b). It has been reported that starch accumulates in chloroplasts

during the day and is metabolized during the night as an NADPH source via the pentose
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phosphate pathway (Weise et al., 2004; Kirchsteiger et al., 2009). Therefore, the
observed nighttime oxidation in pgr5 plants following HL stress may be due to a
deficiency in NADPH resulting from starch deficiency. Accordingly, the contrasting
effect observed in WT, in which reduction of chl-Egs+ was observed at the beginning
of the night, likely results from higher NADPH availability during the night, as
observed using the TKTP-iNAP4 sensor (Fig. 2B). However, the demand for NADPH
to maintain the highly reduced state of chl-Egsy during the night assumes GSH
oxidation at night.

Interestingly, earlier work demonstrated that in addition to their role in thiol-
redox maintenance, GSH and GRXs participate in assembling Fe-S clusters and
transferring them to acceptor proteins, linking GSH and iron metabolism (Kumar et
al., 2011; Rouhier et al., 2010; Miuhlenhoff et al., 2010; Rouhier et al., 2008).
Accordingly, repair and biogenesis of PSI after HL-induced damage of Fe-S clusters
may require the function of GSH and GRXs. It is possible that the observed oxidation
of chl-EcsH several nights after HL or FL stress in pgr5 plants (Fig. 4C, Fig. 5 and Supp.
Fig. 11), in which PSI centers are susceptible to photoinhibition, mirrors the diversion
of reduced GSH for the slow process of biogenesis and repair of PSI Fe-S clusters. In
view of that, the gradual reduction and oxidation of chl-Egsn at night, as observed
during normal growth conditions as well as during HL and FL conditions in WT plants
(Fig. 2F and Fig.3B, E and H), may reflect the natural repair daily cycle of PSI. Whether
this repair machinery operates exclusively at nights, or that a shortage of
photosynthetically produced reducing power in the dark allowed to uncover this GSH
requirement is not yet clear. An increasing demand for GSH may occur under chilling
stress conditions, in which PSI is the major site of photoinhibition (Terashima et al.,
1994), resulting in slow repair of PSI Fe-S clusters that will be further aggravated when
glutathione reductase activity is suppressed (Shu et al., 2011). Further work will be
required to characterize the molecular mechanisms regulating nighttime chl-Egsn
oxidation and the possible connection to PSI recovery.

In conclusion, by continuously monitoring roGFP2 oxidation patterns over
several days, we provide a comprehensive view of photosynthetically related alteration
in the chloroplastic EcsH under various light conditions and uncover an uncharacterized
link between PSI photoinhibition and nighttime GSH metabolism. Monitoring of

compartment-specific redox metabolism under varying environmental conditions will
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further expand the fundamental understanding of the role of redox signaling in light

acclimation of higher plants.

Materials and Methods
Plant material, growth conditions and experimental setup

Arabidopsis thaliana WT (ecotype Columbia-0), npgl (CS3771, Atlg08550,
obtained from ABRC), and pgr5 (EMS mutant line, At2g05620, obtained from Prof. T.
Shikanai; lines were used throughout this research. Columbia ecotype glabrous 1 (gl-
1, At3g27920, obtained from Prof. T. Shikanai [Kyoto University]), which served as
the reference ecotype for the pgr5 line, was also used. Plants were sown on soil, placed
at 4°C for two days to ensure uniform germination, and then grown under 16-h/8-h
light/dark cycles with a photosynthetic photon flux density (PPFD) of 120 umol m? s
1(21°C, 60-70% RH, ambient CO,) for two-three weeks. For roGFP and PAM analysis,
plants were transferred to 12-well cell culture multiwell plates in solid peat plugs and
the plugs were covered (with holes for plants) with black plastic to prevent
autofluorescence. For 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) experiments,
2-3-week-old plants were sprayed with 150 uM DCMU (D2425-100G, Sigma), kept
for 1 hour in the dark and then exposed to high light (HL) conditions of 700 pmol m
st

In all experiments, 2-3-week-old plants were incubated in 21°C, 60-70% RH and
ambient CO>. The following light conditions were applied: Normal growth experiments
were carried out under 16 hours light (120 umol m s%)/8 hours dark per 24-hour cycle.
For HL experiments, plants were exposed to 3 hours of normal light conditions (120
umol m?2 s, and then light irradiance was elevated during 6 hours to the following
HL intensities: 220, 330, 450, 550, 650, 750, 850, 1200, 1500 or 1700 pmol m2 s,
After the high-light phase, plants were grown again under normal light conditions for
an additional 7 hours and finally were under an 8-hour darkness period. For fluctuating
light (FL) experiments, plants were exposed to 3 hours of 120 pmol m? s, followed
by 6 hours of fluctuating light between 1700 (HL) and 120 (normal light) pmol m2 s
in frequencies of 1,5 or 10 minutes (i.e. 1,5 or 10 minutes of 1700 pmol m2 s followed
by 1, 5 or 10 minutes 120 umol m? s and vice versa etc.). Afterwards, plants were
grown again for 7 hours under 120 umol m s and finally under an 8-hour darkness

period.
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Generation of chl-roGFP2 expressing lines

Chloroplast targeting was achieved by using either the transketolase signal
peptide (Schwarzlander et al., 2008) or a 2-Cys peroxiredoxin A (PRXa; Q96291)
signal peptide (this study), both of which will target proteins to the chloroplast stroma
(Konig et al., 2002; Schwarzlander et al., 2008) . For the generation of the chl-roGFP2
line, the full gene sequence was chemically synthesized. The first 74 amino acids from
PRXa were used as a signal peptide. The chl-roGFP2 gene was cloned into the plant
cloning vector pART7 using Xhol and HindlIl11 restriction enzymes. The whole construct
including the CaMV 35S promoter and ocs terminator was then cloned into the binary
vector pART27 using the restriction enzyme Notl. The pART27 plasmid, which
contains the chl-roGFP2 construct, was transformed into GV3101 Agrobacterium
tumefaciens. Transformation of A. thaliana was performed by floral dip (Clough and
Bent, 1998). Transformed lines were selected based on kanamycin resistance and the

chl-roGFP2 fluorescence signal.

Confocal microscopy

Images were acquired with a Leica TCS SP8 confocal system (Leica
Microsystems) and the LAS X Life Science Software, while using a HC PL APO
x40/1.10 objective. All images were acquired at a resolution of 4096 x 4096 -pixels.
Images were acquired with emission at 500-520 nm following excitation at 488 nm
for chl-roGFP2 fluorescence and emission at 670 nm following excitation at 488 nm
for chlorophyll fluorescence. Merged images were generated using Fiji (Image J)
software (Schneider et al., 2012).

chl-roGFP2 fluorescence measurements and analysis

Whole-plant chl-roGFP2 fluorescence imaging was detected using an Advanced
Molecular Imager HT (Spectral Ami-HT, Spectral Instruments Imaging, LLC., USA),
and AMlIview software for image acquisition. This analysis was used to screen for
fluorescent plants and for qualitative analysis. For chl-roGFP2 fluorescence detection,
excitation using 405 nm = 10 nm or 465 nm = 10 nm LED light sources and 510 nm +
20 nm emission filter were used. Highly oxidized chl-ro-GFP2 produces much greater
fluorescence at 405 nm compared to 465 nm, whereas highly reduced chl-ro-GFP2

shows a stronger signal at 465 nm. Therefore the 405/465 ratio is a reliable indicator of
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the degree of oxidation. For chlorophyll detection, a 405 nm + 10 LED light source and
a 670 nm = 20 nm emission filter used were.

Quantitative chl-roGFP2 analysis was mainly carried out by the fluorometer
method (Rosenwasser et al., 2010) using a Tecan Spark® multimode microplate reader.
For all plate reader experiments, roGFP2 fluorescence was excited at 400 nm + 10 nm
and 485 nm + 10 nm, respectively, and emission recorded at 520 nm = 5 nm.
Chlorophyll autofluorescence was excited at 400 nm £ 10 and recorded in the 670 nm
+ 20 nm band. For extended times, plants were grown in 12-well plates and placed in a
growth chamber (Fytoscope FS-SI-4600, Photon Systems Instruments, Czech
Republic) for illumination at defined light intensities. For recording of chl-roGFP2
fluorescence, the well plates were automatically inserted into the plate reader using a
robot (KINEDx KX.01467, Peak Analysis and Automation (PAA), Hampshire, UK)
controlled by a self-compiled program (Overlord™, PAA).

For the plate-reader analysis, a 9-by-9-pixel matrix was defined for each well and
chlorophyll autofluorescence was detected, to generate a chlorophyll mask. This mask
was then used to select pixels, which returned a positive chlorophyll fluorescence
signal. Only those pixels were subsequently considered for the roGFP analysis. For
background correction, the average signal of WT plants without chl-roGFP2 was
determined and the values for this background autofluorescence subtracted from the
values detected in the chl-roGFP2 fluorescence analysis. A similar experimental setup
was used to measure the fluorescence emitted from the TKTP-iINAP4 and TKTP-
INAPc expressing lines. The pH-corrected ratio for TKTP-iNAP4 was calculated by
dividing the fluorescence ratio values obtained from the TKTP-iINAP4 line by those
obtained from the TKTP-iNAPc line, according to Lim et al. (2020) The degree of
oxidation (the relative quantity of oxidized roGFP proteins, OxD) of roGFP2 was
calculated based on the fluorescence signal according to Equation 1 (Meyer et al.,
2007):

Equation 1:
R — Rred
(1485min/1485max) (Rox - R) + (R - Rred)

where R represents the ratio (400/485) at each point in the experiment, Ryeq represents

OxDyogrpz =

the ratio under fully reduced conditions, Rox represents the ratio under fully oxidized
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conditions, 1485min represents the fluorescence emitted at 520 nm when excited at 485
nm under fully oxidized conditions and 1485max represents the fluorescence emitted at
520 nm when excited at 485 nm under fully reduced conditions. In order to be able to
calculate chl-roGFP2 OxD, we treated chl-roGFP2 Arabidopsis plants and measured
the 400/485 nm fluorescence ratio under fully oxidized and fully reduced conditions by
using 1-4 M H20. and 100 mM DTT, respectively, by immersing plants in the
respective solutions. A custom-written Matlab script (available on request) was used to
allow a robust analysis of multiple files, which contained the measurements from each
experiment. The scripts collect the roGFP values from each plant into one matrix. In
addition, experimental metadata such as the start and endpoint, plant lines, light
irradiance, temperature, relative humidity (RH, %) and CO2 concentration were also
collected and added to the output file. Ecsn values were calculated according to
Schwarzlander et al. (2008).

Chlorophyll fluorescence measurements

The ®PSII of each plant was detected in 60-min intervals using a Walz PAM
IMAGING PAM M-series IMAG-K7 (MAXI) Fluorometer. The electron transport rate
(ETR) was calculated as the multiplication of ®PSII by the quantity of photons emitted
by the light source (PAR), by the average percentage of the photons absorbed by the
photosynthetic machinery (0.84), by the amount of photons allocated to PSII (0.5;
assuming that PSI and PSII contain the same amount of reaction centers, therefore each
photosystem receives 50% of the photon influx). Accordingly, ETR= Y(Il) * PAR *
0.84 * 0.5. Full ETR light induction curves’ data are in Supp. Fig. 8. A custom-written
Matlab script was used to allow a robust analysis of multiple files (available upon

request).

Gene expression analysis

RNA was extracted from 3-week old rosettes using the Spectrum Plant RNA Kit
(STRN50; Sigma). For each time point, three (for the one and three hr in HL) or two
(for later time points) independent biological replicates were analyzed. The extracted
RNA was digested and cleaned with the TURBO DNase kit (Ambion) according to the
manufacturer’s instructions and was reverse transcribed to cDNA with the
ThermoScript RT-PCR system (Invitrogen). The qPrimerDB (Lu et al., 2018) was used

for selecting gene-specific primers for reverse-transcription quantitative-PCR (RT-
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gPCR). The BioMark HD system was used for high-throughput gPCR, using standard
fast cycling conditions and melt-curve analysis, following the manufacturer’s
instructions (Fluidigm). Cycle threshold (Ct) values for each reaction (which
correspond to the logarithm of the fold change in gene expression) were used for
analysis and expression data was calculated using the ddCT approach (Livak and
Schmittgen, 2001). The ACT2 gene (At3g18780) was used as a reference for equalizing
the levels of RNA.

Statistics

Values in graphs mainly represent means of 8 plants for chl-roGFP2 OxD and 12
plants for ®PSII, and error bars represent the respective standard errors. For many
experiments, 3-4 plates were analyzed, and for a clear presentation, a “sliding window”’
approach was taken, in which each data point represents the average of three-four plates
(24-32 plants). Statistical significance was tested using a two-tail Student’s t-test and
analysis of variance (ANOVA) at 95% confidence level and was indicated by asterisks
when shown (Supplemental File 1).

Accession numbers

Germplasm used included npgl (CS3771, At1g08550, obtained from ABRC),
pgr5 (EMS mutant line, At2g05620, obtained from Prof. T. Shikanai) and gll
(At3g27920, obtained from Prof. T. Shikanai), which served as the reference ecotype
for the pgr5 line. Accession numbers for genes used in gene expression analyses are

available in Supplemental Data Set 1.

Supplemental Data

Supplemental Figure 1: Confocal images of the chl-PRXatp-roGFP2 line.
Supplemental Figure 2: Dose-dependent chl-roGFP2 oxidation in response to H20-.

Supplemental Figure 3: Changes in chl-roGFP2 oxidation and NADPH levels under
high-light conditions.

Supplemental Figure 4: Diurnal changes in chl-roGFP2 OxD and ®PSII under high
light and elevated CO..

Supplemental Figure 5: Changes in chl-roGFP2 oxidation in DCMU-treated plants
under high-light conditions.
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Supplemental Figure 6: Diurnal changes in chloroplast-targeted Grx1-roGFP2
oxidation under high-light conditions.

Supplemental Figure 7: Temporal changes in expression levels of chloroplast-targeted
GRXs under high-light conditions.

Supplemental Figure 8: ETR light-response curves in WT, npgl and pgr5 plants.

Supplemental Figure 9: Diurnal changes in ®PSII during illumination with fluctuating
light.

Supplemental Figure 10: Diurnal changes in ®PSII during fluctuating light
experiments in WT, npgl and pgr5 plants.

Supplemental Figure 11: Diurnal changes in chl-roGFP2 OxD during fluctuating light
experiments in WT, npgl and pgr5 plants.

Supplemental Figure 12: Changes in chl-roGFP2 OxD during fluctuating light cycles
in WT, npgl and pgr5 plants.

Supplemental Figure 13: Temporal changes in expression levels of chloroplast-
targeted GRXs, antioxidant genes and ROS gene markers in WT and pgr5 plants at the
end of night.

Supplemental Figure 14: Diurnal changes in chl-roGFP2 OxD and ®PSII during the
third day of recovery-from-high-light experiments in pgr5 plants.

Supplemental Figure 15: Diurnal changes in chl-roGFP2 OxD during high-light
experiments in wild type (WT) plants.

Supplemental Figure 16: Diurnal changes in chl-roGFP2 OxD during high-light
experiments in wild type (WT) plants.

Supplemental Figure 17: Diurnal changes in chl-roGFP2 fluorescence ratios under
high-light conditions in WT and mutants with defects in photoprotective mechanisms.

Supplemental Data Set 1. Temporal changes in the expression levels of chloroplast-
targeted genes encoding antioxidant proteins, GRXs and established ROS markers in
response to high-light conditions.

Supplemental File 1. Statistical analysis tables.
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Figure 1: Light-dependent redox modification of chloroplast-targeted roGFP2. (A) Confocal images of chl-
roGFP2 Arabidopsis plants. Bars = 20 um (B) Ratiometric analysis of chl-roGFP2 during rest, under oxidized (500
mM H202) and reduced (100 mM DTT) conditions using whole-plant imaging. The plants were excited with 405
nm, and 488 nm LEDs and fluorescence emission was collected using a 510 nm emission filter. For chlorophyll
detection, a 405 nm LED light source and a 670 nm emission filter were used. Color-coded keys represent
fluorescence intensities (below image) or 405/465 ratio values (to right of image). Bars = 2 cm. (C) The effect of
light intensities on chl-roGFP2 reduction after application of H,O, as examined by whole-plant imaging. Values
represent means of 6 plants + SE. (D) and (E) The effect of DCMU on chl-roGFP2 oxidation using whole-plant
imaging and plate-reader approaches. Oxidation of chl-roGFP2 was detected using whole-plant imaging. Bar =
2cm) (D) or a plate reader (E). Values for the degree of chl-roGFP oxidation (OxD) are presented as means of
7-8 plants + SE. Asterisks (*) mark significant differences between the ratio of the control/DCMU treatment (t-test,
P < 0.05, Supplemental File 1). The roGFP data were acquired using the chl-TKrp-roGFP2 line.
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Figure 2: Diurnal changes in the degree of chl-roGFP2 oxidation under normal and high-light growth
conditions. chl-roGFP2 fluorescence was monitored over a 24-hour period and chl-roGFP2 OxD values were
calculated. Oxidation values were normalized to steady state values (as observed during the day at a constant light
intensity of 120 umol m2 s1). Horizontal bars above graphs show light (yellow) and dark (black) periods. (A)
Changes in chl-roGFP2 OxD over time from the light onset under normal light conditions. Values are presented as
means of 8 plantst SE. (B) Changes in chl-roGFP2 OxD and normalized R400/485 of TKTP-iNAP4 over time
during the nighttime. Results of TKTP-iINAP4 were normalized using the pH control sensor (TKTP-iINAPc)
according to Lim et al. (2020) and values are presented as means of 12 plants + SE. (C) Oxidation and rereduction
of chl-roGFP2 during dark-to-light transitions. Values are shown as means of 16-24 plants + SE. (D) Oxidation and
rereduction of chl-roGFP2 during light-to-dark transitions, shown as means of 16-45 plants + SE. (E) Temporal
changes in expression of chloroplast-targeted genes encoding antioxidant proteins and established ROS markers.
Gene expression levels in plants exposed to HL (850 or 1700 umol m2 s'1) were normalized to the gene expression
in plants grown under normal light conditions (120 umol m-2 s1) at each indicated time point after start of the HL
illumination. All data are displayed as the logz ratio. The red and blue colors represent high or low expression
levels, respectively. (F) Diurnal changes in chl-roGFP2 OxD in wild type (WT) plants exposed to HL. For each
treatment, between 21 and 24 plants, divided into 3 independent plates, were tested. For clear presentation of the
redox changes of roGFP2 over time, a “sliding window” approach for the data along the x-axis was taken, in which
each data point represents the average of three plates (n=3). roGFP2 data were acquired using the chl-TKTP-
roGFP2 line. Inset: Experimental design for the HL experiments. For a depiction of absolute roGFP2 OxD values
and illustration of SE values see Supp.Fig.15 and Supp.Fig.16. (G) Diurnal changes in chl-roGFP2 ®PSII values
in plants exposed to the same conditions as in (D). ®PSII values were derived from chlorophyll fluorescence
analysis and represent means of 12 plants + SE.
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Figure 3: Diurnal changes in chl-roGFP2 OxD under fluctuating light conditions. (A, D, G) Light irradiance
during time over a 60-min period, extracted from the fluctuating light phase, is presented for the applied intervals
of 1, 5and 10 min. (B, E, H) Changes in chl-roGFP2 OxD values (AOxD) over time in Arabidopsis plants expressing
chl-TKTP-roGFP2. After the start of the illumination period (yellow bar, 120 umol m-2 s* for 3 h), the illumination
regime was switched to fluctuating light alternating between HL (1700 umol m-2 s'1) and normal light (120 pmol m-
2 571y with different intervals. After 6 h fluctuating light (red bar), illumination continued continuously at 120 pmol m-
2 st for 7 h before the diurnal cycle ended with 8 h darkness (black bar). Oxidation values were normalized to
steady state values (as observed during the day at constant light conditions of 120 umol m2 s1). Each black line
represents the oxidation dynamics recorded for an independent well plate which consists of 8 plants. Values
represent means of these 8 plants + SE. (C, F, 1) AOxD as a function of relative time (min) within each fluctuating
light cycle. Values measured during the HL (1700 umol m-2 s'1) phases within each light cycle are presented in red.
Values measured during the phases with normal light intensities (120 umol m2 s) during each light cycle are
presented in yellow. The presented box spans the interquartile range, and whiskers represent the minimum and
maximum values (not including outliers). The median and mean of at least six plants are marked by a vertical line
and x sign inside the box, respectively.
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Figure 4: Diurnal changes in chl-roGFP2 OxD and ®PSII under high-light and fluctuating light conditions
in mutants with defects in photoprotective mechanisms. (A, B, C) Daily changes in chl-roGFP2 OxD under
different light regimes in WT (A), npgl (B) and pgr5 (C) plants expressing chl-PRXarp-roGFP2. The respective
absolute ratio (400/485) data are provided in Supp. Fig.17. Oxidation values were normalized to steady state
oxidation levels under normal growth light. The illumination regime was: 3 h normal light (yellow bar, 120 pmol m-2
s1), followed by 6 h HL (red bar, intensities as indicated by line color), 7 h normal light (120 umol m2 s) and 8 h
darkness. Each treatment involved between 24 and 32 plants divided into four independent plates that were
consolidated in a “sliding window” (n=4) display. Values represent means + SE. (D, E, F) ®PSII for WT (D), npql
(E) and pgr5 (F) plants exposed to the same light regimes as in A, B and C. ®PSI| values were derived from
chlorophyll fluorescence measurements and represent means of 12 plants + SE. (G-1) Changes in chl-roGFP2 OxD
during FL cycles with 10-min HL (1700 umol m2 s) and 10 min normal light (120 umol m2 s1) for WT (G), npgl
(H) and pgr5 (1) plants. Values measured during the HL (1700 umol m-2 st) phases within each light cycle are
presented in red. Values measured during the phases with normal light intensities (120 pmol m-2 s'1) during each
light cycle are presented in yellow. The presented box spans the interquartile range, and whiskers represent the
minimum and maximum values (not including outliers). The median and mean of at least six plants are marked by
a vertical line and x sign inside the box, respectively.
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Figure 5: Diurnal changes in chl-roGFP2 OxD and ®PSII during one day of high-light regime followed by
two days of normal light conditions in pgr5 and gl1 plants. (A, C) Changes in chl-roGFP2 OxD over time from
the experiment onset. chl-roGFP2 fluorescence was monitored throughout the experiment and chl-roGFP2 OxD
values were calculated. Oxidation values were normalized to steady state oxidation levels. Each treatment involved
32 plants divided into four independent plates that were consolidated in a “sliding window” (n=4) display. Values
represent means + SE for pgr5 (A) and gl1 (C). roGFP data were acquired using the chl-PRXarp-roGFP2. (B) ®PSII
over time from the experiment onset. ®PSII values were derived from chlorophyll fluorescence measurements and
represent means of 12 plants + SE for pgr5 (B) and gl1 (D). The color bar denotes the light conditions: black —
night, yellow — normal light, red — high light
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