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48 ABSTRACT

49 Metabolic fluctuations in chloroplasts and mitochondria can trigger retrograde signals
50 to modify nuclear gene expression. Mobile signals likely to be involved are reactive oxygen
51  species (ROS), which can operate protein redox switches by oxidation of specific cysteine
52  residues. Redox buffers such as the highly reduced glutathione pool serve as reservoirs of
53  reducing power for several ROS scavenging and ROS-induced damage repair pathways.
54  Formation of glutathione disulfide (GSSG) and a shift of the glutathione redox potential
55  (Ecsn) towards less negative values is considered a hallmark of several stress conditions.
56  Here we used the herbicide methyl viologen (MV) to generate ROS locally in chloroplasts of
57  intact Arabidopsis seedlings and recorded dynamic changes in Ecsn and H20:2 levels with the
58  genetically-encoded biosensors Grx1-roGFP2 (for Ecsn) and roGFP2-Orpl (for H202)
59 targeted to chloroplasts, the cytosol or mitochondria. Treatment of seedlings with MV caused
60 a rapid oxidation in chloroplasts and subsequently also in the cytosol and mitochondria. The
61 MV-induced oxidation was significantly boosted by illumination with actinic light and
62 largely abolished by inhibitors of photosynthetic electron transport. In addition, MV also
63  induced an autonomous oxidation in the mitochondrial matrix in an electron transport chain
64  activity-dependent manner that was milder than the oxidation triggered in chloroplasts by the
65 combination of MV and light. In vivo redox biosensing resolves the spatiotemporal dynamics
66  of compartmental responses to local ROS generation and provide a basis for understanding
67 how compartment-specific redox dynamics may operate in retrograde signaling and stress

68  acclimation in plants.
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69 INTRODUCTION

70 Communication between different subcellular compartments of plant cells is
71  fundamental to establish and sustain cooperative functioning and to acclimate to diverse
72  environmental conditions. Since most plastidial and mitochondrial proteins are encoded in
73  the nuclear genome, retrograde signals from the organelles to the nucleus are essential to
74  adjust organelle function by coordinating the expression of nuclear and organellar genomes
75 (Van Aken et al., 2016; de Souza et al., 2017; Dietz et al., 2019). Communication between
76  the endosymbiotic organelles and the nucleus is likely to involve the cytosol as the
77  intermediate compartment. However, chloroplasts can also make direct physical contact with
78  the nuclear envelope via stromules, which has been suggested to mediate signaling (Caplan et
79 al., 2015; Erickson et al., 2017; Exposito-Rodriguez et al., 2017). Physical interaction also
80  occurs between different organelles and may facilitate efficient exchange of metabolites and

81 information (Pérez-Sancho et al., 2016; Perico and Sparkes, 2018).

82 Reactive oxygen species (ROS), such as H202, have emerged as signaling molecules
83 in plants and their roles in early signaling events initiated by cellular metabolic perturbation
84  and environmental stimuli are established (Waszczak et al., 2018; Smirnoff and Arnaud,
85 2019). During unfavorable environmental conditions, superoxide (O2™) is produced at an
86 increased rate by the electron transport chains (ETCs) in chloroplasts and mitochondria. O2™
87 s rapidly converted to hydrogen peroxide (H202) and molecular oxygen (O2) by superoxide
88  dismutases (SODs). H202 can be further detoxified through a set of peroxidases, including
89  peroxiredoxins (PRX) (Liebthal et al., 2018)) several glutathione Stransferases (GST)
90 (Sylvestre-Gonon et al., 2019; Ugalde et al., 2020), glutathione peroxidase-like enzymes
91 (GPXL) (Attacha et al., 2017), and ascorbate peroxidases (APX). The latter operate as part of
92 the glutathione—ascorbate cycle in the plastid stroma, mitochondrial matrix, peroxisomes and
93  cytosol (Foyer and Noctor, 2005; Narendra et al., 2006). The transient drain of electrons from
94  the local glutathione redox buffer causes a concomitant increase in glutathione disulfide
95 (GSSG) and hence a change in the glutathione redox potential (Egsn) (Marty et al., 2009;
96 Bangash et al., 2019; Nietzel et al., 2019; Wagner et al., 2019). Intracellular H2O2 levels
97  reached under stress conditions can affect cellular redox regulation leading to the oxidation of
98  protein thiols (Dietz et al., 2016). H2O2 was shown to diffuse across the chloroplast envelope
99 even at low concentrations, and it has been estimated that about 5% of the total ROS

100  produced in high light leave the chloroplast (Mubarakshina et al., 2010). Those properties
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101  contributed to the suggestion of H202 to operate as a messenger in signaling processes arising
102  from the organelles. Moreover, direct transfer of H202 from a subpopulation of chloroplasts
103 localized in close proximity to the nucleus itself was recently found to mediate
104  photosynthetic control over gene expression in tobacco leaves (Caplan et al., 2015; Exposito-

105 Rodriguez et al., 2017).

106 ROS production at specific sites of the photosynthetic ETC (pETC) can be artificially
107 enhanced by using inhibitors and redox catalysts. Among these, the herbicide methyl
108  viologen (MV) acts by re-directing electrons from photosystem I (PSI) to O, and thereby
109 enhancing the production of O™ (Scarpeci et al., 2008). Based on its mechanism, MV is also
110  useful as an experimental cue to induce photo-oxidative stress in photosynthetic organisms.
111  In mammals and other non-photosynthetic organisms, MV induces the generation of Oz~ by
112 re-directing electrons from complex I of the mitochondrial ETC (mETC) to O2 (Cochemé and
113 Murphy, 2008), suggesting that current models to study retrograde signaling are likely to be
114  more complex than previously expected and involve additional subcellular sites (Cui et al.,
115  2019; Shapiguzov et al., 2019). Steady-state measurements in cotyledons of Arabidopsis
116  seedlings have previously shown that MV can induce oxidation in both cytosol and

117  mitochondria in the absence of illumination (Schwarzlander et al., 2009).

118 Chemical probes for detecting ROS in living systems, such as 2’,7’-
119  dihydrodichlorofluorescein diacetate are typically converted to a fluorescent product through
120  reaction with ROS and accumulate in tissues with different specificities for distinct forms of
121 ROS (Fichman et al., 2019). While these dyes provide evidence for redox processes and ROS
122  formation, a potential drawback is that those probes act irreversibly by generating an
123 accumulative signal rather than a reversible, dynamic response. Further, their lack of
124  unambiguous subcellular localization and chemical specificity make it frequently difficult to
125  draw mechanistic conclusions. During the last decade, genetically encoded biosensors have
126  revolutionized the field of cell physiology by being targetable to specific subcellular
127  compartments and enabling dynamic measurements (Morgan et al., 2016). Among them,
128  Grx1-roGFP2 for sensing Easu (Marty et al., 2009) and roGFP2-Orp1 for sensing transient
129  changes in H202 (Nietzel et al., 2019); the latter being based on a redox relay between the
130  H20:2-sensitive Gpx3 peroxidase from yeast (Orpl) and roGFP2 (Gutscher et al., 2009).
131  These sensors have become instrumental to monitor the dynamics of oxidative signals in real-

132 time in a wide range of organisms, including plants. Similarly, probes of the HyPer family,
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133  which exploit the H20z-sensitive bacterial transcription factor OxyR for their response, can
134  report on local alterations in H2O2 concentrations (Bilan and Belousov, 2018; Pak et al.,

135  2020).

136 Despite compelling evidence for the signaling functions of H20z, it is neither known
137  how H202 concentrations and the redox buffers dynamically respond to increased ROS
138 production in chloroplasts nor how much other organelles contribute to a cumulative
139  oxidation in the cytosol. Here, we targeted two different roGFP2-based biosensors to the
140  stroma of the chloroplasts, the cytosol and the matrix of the mitochondria to live monitor the
141 local Ecsu and H2O2 dynamics specifically in those three compartments. We investigated the
142  dynamic subcellular responses to primary oxidative events triggered by MV, light or a
143 combination of both. To dissect the contribution of chloroplasts and mitochondria in the MV-
144  induced overall oxidation, the respective ETCs were blocked using ETC-specific inhibitors

145  acting at early steps of electron transport.

146
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147 RESULTS
148  Spectral properties of roGFP2-based probes in planta

149 To visualize changes of Ecsu or H202 levels in chloroplasts, cytosol and
150 mitochondria, we selected previously published Arabidopsis reporter lines with roGFP2
151  linked to Grx1 or Orpl, respectively (Marty et al., 2009; Park et al., 2013; Albrecht et al.,
152 2014; Nietzel et al., 2019). Since no roGFP2-Orpl reporter line for H2O2 sensing in the
153  plastid was available, we generated this line de novo (Supplemental Fig. S1). Subcellular
154  localization of all reporter constructs was verified side-by-side in 7-day-old seedlings by
155  confocal microscopy (Fig. 1A—F, left panels and Supplemental Fig. S1). Plants of the same
156 age were used to systematically corroborate the in vivo excitation spectra of both redox
157  sensors in all three compartments of intact seedlings. Sensor response and the dynamic
158  spectroscopic response range was assessed by recording the fluorescence of seedlings
159 immersed in imaging buffer using a fluorescence multiwell plate reader. Fluorescence spectra
160  were collected for non-treated seedlings and seedlings incubated with either 20 mM DTT for
161  complete reduction or with 100 mM H20:2 for complete oxidation of the sensors in situ (Fig.
162  1A-F, right panels). Sensor fluorescence intensities were sufficiently high to be clearly
163  distinguishable from background fluorescence with a suitable signal-to-noise ratio for in situ
164  readings (Supplemental Fig. S2). Fully reduced Grx1-roGFP2 (roGFP2-Grx1 in the case of
165 the mitochondria) or roGFP2-Orpl showed low excitation at 400 nm and a pronounced
166  excitation peak close to 488 nm in all compartments. Probe oxidation led to the appearance of
167 a second distinct excitation peak close to 400 nm, while excitation at 488 nm was decreased
168  (Fig. 1A-F, right panels, Supplemental Fig. S2). The spectral behavior of both probes in
169 planta was consistent with the spectra of the purified roGFP2 in vitro (Fig. 1H). These data
170  validate that changes in the redox state of both roGFP2-based sensor variants can be reliably
171  visualized and recorded in chloroplast stroma, cytosol and mitochondrial matrix using plate

172 reader-based fluorimetry (Nietzel et al., 2019; Wagner et al., 2019).

173  Real-time monitoring of Egsy and H»O: dynamics in Arabidopsis in response to

174  externally imposed oxidative stress

175 To further validate the responsiveness of both probes in planta, 7-day-old Arabidopsis
176  seedlings expressing cytosol-targeted Grxl-roGFP2 or roGFP2-Orpl were exposed to
177  different concentrations of H>O, to impose oxidative stress (Fig. 2A, B). Changes in the
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Figure 1. Subcellular localization and spectral behavior of E__ and H,0, sensors in Arabidopsis.
A-F (left panels), Confocal microscopy images of leaf epidermal cells from 7-day-old seedlings stably
expressing Grx1-roGFP2, roGFP2-Grx1 or roGFP2-Orpl targeted to plastids (A-B), cytosol (C-D) or
mitochondria (E-F). All images show roGFP2 fluorescence recorded with kex = 488 nm and Aem =
505-530 nm. Bars, 50 pum. A-F (right panels), Grxl-roGFP2, roGFP2-Grxl or roGFP2-Orpl
fluorescence excitation spectra for non-treated seedlings (n.t., grey), and after reduction with 20 mM
DTT (blue) or oxidation with 100 mM H,0, (red). All spectra were recorded on a plate reader from
7-day-old seedlings with emission at 52045 nm and using the same gain for all lines. The curves show
the mean of the fluorescence in arbitrary units (AU) +SD, with n > 3 biological replicates, where each
replicate is an independent pool of 4-5 seedlings. All spectra were corrected for the autofluorescence
measured in non-transformed control seedlings (see Supplemental Fig. S1). The dynamic range (5) for
the maximum change of the fluorescence ratio between the fully oxidized and fully reduced sensor was
calculated from the fluorescence collected after sensor excitation at 410 and 480 nm. G, Schematic
model of roGFP2 structure highlighting the disulfide bond formation upon reversible oxidation. H,
Excitation spectrum of purified roGFP2 measured under similar conditions as the seedlings. To achieve
full reduction and full oxidation, the purified protein was incubated in 10 mM DTT or 10 mM H,0O,,
respectively. Mean +SD, n = 6. o

178  redox state of both sensors were followed in real-time by exciting roGFP2 at 410 nm and 480
179 nm (Fig. 2B, C, E). The recorded fluorescence of roGFP2 in the individual channels (410 and

180 480 nm) showed an immediate response in opposite directions upon addition of H,O», with a
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Figure 2. Real-time monitoring of cytosolic Grx1-roGFP2 and roGFP2-Orp1 redox changes upon
imposition of oxidative stress in planta. A, Pools of 7-day-old seedlings (4-5 per well) expressing
Grx1-roGFP2 or roGFP2-Orpl in the cytosol were placed in a 96-well plate. B, The redox state of the
sensors was measured as the roGFP2 fluorescence after sequential excitation at Aex = 410+5 nm and A
ex = 480=5 nm. Fluorescence was always recorded at Aem = 530+20 nm. C, E, Time-resolved
fluorescence recordings for the two independent channels after addition of 100 mM H,0, att= 1 h. Both
curves are normalized to their initial values before imposed oxidation (dotted lines). D, F, Fluorescence
ratio values calculated to the original fluorescence in both channels in response to different
concentrations of H,O,. For control samples only buffer was added. The curves show the mean ratio +SD
from n = 4 biological replicates, where each replicate is an independent pool of 4-5 seedlings. The ratio
values are normalized to the original ratio values before addition of H,O,. The experiment was repeated
three times with similar results. Dotted lines in panels D and F indicate minimum and maximum ratio
values measured from the same wells at the end of the experiment during incubation in 100 mM H.QO,
for full oxidation and in 20 mM DTT for full reduction of the probes (see Supplemental Fig. $3).

181  increase of the 410 nm channel while the fluorescence excited at 480 nm decreased (Fig. 2C,
182  E; Supplemental Fig. S3A-E). After reaching a peak of oxidation, a gradual recovery of both

183  channels towards the starting values occurred over a period of about four hours (Fig. 2C, E,

10
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184  Supplemental Fig. S3). For analysis, the 410 nm/480 nm fluorescence ratio was calculated
185 and used as a measure for sensor oxidation (Fig. 2D, F). Starting from low ratio values in
186  non-treated seedlings the addition of H20: caused a rapid increase of the 410 nm/480 nm
187  fluorescence ratio. While the speed of oxidation was independent of the amount of H20z, the
188 maximum peak height increased with increasing concentrations of H2O2 (Fig. 2D, F). In all
189  experiments, the minimum and maximum fluorescence ratios of the respective probes in their
190 fully oxidized and fully reduced state were determined after each experiment as shown for

191  the cytosolic roGFP2-Orpl sensor (Supplemental Fig. S3F).

192  The dominant impact of MV-induced glutathione oxidation occurs in the chloroplasts

193  After confirming the fast and concentration-dependent response of the sensors towards H202
194  treatments in vivo, we evaluated the sensitivity of the plate reader-based fluorimetry setup to
195  detect redox changes induced by MV. For this purpose, 7-day-old seedlings expressing Grx1-
196  roGFP2, roGFP2-Grx1 or roGFP2-Orpl targeted to plastid stroma, the cytosol or the
197  mitochondrial matrix were treated with different concentrations of MV and sensor
198 fluorescence was continuously recorded in plate reading mode for 6 h (Fig. 3). In
199  chloroplasts, the oxidation of both probes gradually increased over time, with roGFP2-Orp1
200 showing a faster oxidation immediately after MV treatments compared to Grx1-roGFP2 (Fig.
201 3A-C; Supplemental Fig. S4A-B). In contrast to the response in chloroplasts, the
202  fluorescence ratios of cytosolic Grx1-roGFP2 and roGFP2-Orpl remained low suggesting
203  that both probes remained largely reduced under the same treatments (Fig. 3D—F). Despite
204  the slow oxidation, ratio values five hours after addition of MV were higher than in control
205 seedlings. . In mitochondria both sensors revealed a gradual oxidation after the addition of
206 100 uM MYV, roGFP2-Orpl ratio increased more strongly during the first five hours after the
207  addition of MV than roGFP2-Grx1(Fig. 3G-I). Because the action of MV in chloroplast is
208  light-dependent, we further tested whether the flashes of light used for roGFP2 excitation
209  were sufficient to cause the oxidation of roGFP2 by photooxidation effects. Increasing the
210 cycle time of fluorescence readings from individual wells from 3 to 60 min abolished the
211  detectable roGFP2-Orpl oxidation in chloroplasts and the cytosol, which is consistent with
212 light-dependency of MV-mediated ROS generation in chloroplasts (Supplemental Fig. S5). In
213  mitochondria, the oxidation five hours after addition of MV was also visible albeit to a lower
214  extent than with high flash frequencies. The steady increase of the fluorescence ratio with

215  high repetition rates for the readout (Fig. 3) suggests that the oxidation effect caused by the

11
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Figure 3. Real-time monitoring of E . and H,0, sensors upon MV-induced oxidation in planta.
A-I, Seven-day-old seedlings stably expressing Grx1-roGFP2, roGFP-Grx | or roGFP2-Orpl targeted to
the cytosol, plastids or mitochondria were placed in a 96-well plate with imaging buffer. After | h, MV
was added to a final concentration indicated in panel A. In control samples (green), only buffer was
added to maintain a uniform total buffer volume throughout the experiments. Ratio values were
calculated from the fluorescence recorded by sequential excitation of probes at 410+5 nm and 480+5
nm, and normalized to the initial ratio at 0 h. Fluorescence was always recorded at 53020 nm. Dotted
lines indicate ratio values measured from the same wells at the end of each experiment after incubation
in 20 mM DTT for full reduction or 100 mM 11,0, for full oxidation of the probes. C, F, 1, Endpoint ratio
values at 6 h extracted from panels A, B, D, I, G and H. Mean ratios +SD, n > 3 biological replicates,
where each replicate is an independent pool of 4-5 seedlings. Different letters indicate statistical
differences between ratios after logl0 transformation, according to one-way ANOVA with Tukey’s
multiple comparison test (P < 0.05). Data for individual excitation channels are presented in
Supplemental Fig. S4.

216  herbicide is not reversible and exceeds the endogenous reducing capacity. The pronounced
217  increase in the fluorescence ratio for both sensors targeted to chloroplast and mitochondria in

218  response to 100 uM MV suggests that a local increase of H202 occurs in these organelles
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219  (Supplemental Fig. S4A—B), implying that the oxidation of the chloroplastic glutathione pool
220  exceeds the oxidation measured in the cytosol and in mitochondria and that the light flashes

221  used to excite the fluorophore enhance the MV-induced oxidation.

222 Continuous light enhances MV-induced oxidation in chloroplasts, cytosol and

223 mitochondria

224 The more pronounced oxidation induced by MV in chloroplasts compared to the cytosol
225  and mitochondria (Fig. 3) was related to the unavoidable intermittent illumination during data
226 collection (Supplemental Fig. S5). While this primary oxidation in chloroplasts was exploited
227  for the following experiments, the results would only be physiologically meaningful as long
228  as the seedlings do not get seriously damaged over the course of the experiment, especially
229  when illuminated at high frequencies or even intermittent periods of continuous light. To test
230 whether MV in combination with illumination had obvious effects on plant viability,
231  Arabidopsis seedlings that had been exposed to excitation light every three minutes for a 15
232 hour fluorescence recording were taken out of the plates and transferred to agar plates for
233 phenotype documentation. All seedlings that had been repeatedly illuminated with excitation
234 light were still green and fully turgescent irrespective of the MV concentration (Supplemental
235  Fig. S6A). Even if seedlings were illuminated with constant actinic light with an intensity of
236 200 umol m?s! for 1 h after the first 2 hours of the 15 h time course, no obvious toxic effect
237  of MV could be recognized macroscopically (Supplemental Fig. S6B). By contrast, seedlings
238  kept under constant actinic light with an intensity of 200 pmol m™ s for 15 h showed loss of
239  chlorophyll already with 10 uM MV and even more seriously with 100 uM MV, which
240  caused complete bleaching (Supplemental Fig. S6C).

241 After confirming that 1 h illumination outside the plate reader does not severely damage
242 the seedlings, we used this regime to further boost ROS formation in chloroplasts (Fig. 4A—
243 I). The 1-hour illumination with constant actinic light with an intensity of 200 pmol m?s™!
244  caused a transient increase in the fluorescence ratio of both sensors targeted to chloroplasts
245 and mitochondria in untreated control seedlings (Fig. 4A-B, G-H, green curves). For
246  technical reasons, resuming roGFP measurements after intermittent illumination of seedlings
247  outside the plate reader was only possible after a lag time of about 10 seconds post-
248 illumination, since the plates needed to be transferred back into the reader. Conversely, the
249  sensors in the cytosol in control plants did not respond to illumination alone (Fig. 4D-E,

250 green lines). The combination of MV and illumination, however, induced an increase in the
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Figure 4. Light enhances MV-induced oxidation of roGFP2-derived redox sensors. A-I,
Seven-day-old seedlings stably expressing the indicated sensor constructs in plastids, in the cytosol or in
mitochondria were placed in a 96-well plate with imaging buffer. After 1 h, MV was added to final
concentrations of indicated in panel A. Arrows on the x-axes of panels A, B, D, E, G, and H indicate the
time points at which data for the bar charts in panels C, F and I were extracted (i.e. before and after
illumination). In control samples (green), only buffer was added. Oxidation of the sensors was recorded
as the normalized ratio of the fluorescence recorded with excitation at 4105 nm and 480+£5 nm,
respectively. Fluorescence was always recorded at 53020 nm. After a pre-incubation with MV for 2 h,
seedlings were intermittently illuminated for 1 h with actinic light (200 pmol m” s} and redox
measurements were subsequently resumed for 2 h. Dotted lines indicate ratio values measured from the
same wells at the end of the experiment after incubation in 20 mM DTT for full reduction or 100 mM
H202 for full oxidation of the probes. Mean ratios +SD, n = 4 biological replicates, where each replicate
is an independent pool of 4-5 seedlings. Different letters represent statistical differences between ratios
after log10 transformation, according to one-way ANOVA with Tukey’s multiple comparison test (P <
0.05). Data for individual channels can be found in Supplemental Fig. S7.

251  fluorescence ratio for both sensors in all three compartments, resulting in a transitory peak of
252 oxidation lasting close to 10 minutes after illumination. The long-term measurement shows a

253  gradual oxidation over time (Fig. 4). This oxidation was dependent on the concentration of
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254 MV applied, albeit with different amplitudes depending on the probe and on the
255  compartment. While Grx1-roGFP2 in the cytosol showed a pronounced long-term ratio
256 increase in plants pre-incubated with 50 and 100 pM MYV, the ratio change of cytosolic
257  roGFP2-Orpl was limited to a minor reversible increase only (Fig. 4D—F). In mitochondria,
258  light exposure caused transient oxidation of roGFP2-Orpl and roGFP2-Grx1 albeit without
259  pronounced differences between the two probes (Fig. 4G-1).

260  Chloroplasts and mitochondria contribute to MV-induced oxidative stress

261 Flash illumination for roGFP2 fluorescence measurements during plate reader-based
262  fluorescence excitation with intervals of 1 h did not lead to changes in roGFP2 fluorescence
263  ratios in chloroplasts and the cytosol (Supplemental Fig. S5B). In mitochondria, however, the
264  fluorescence ratio did show a small increase pointing at the possibility of an autonomous
265 mitochondrial oxidative response, which was also recently concluded by independent work
266  using orthogonal approaches (Cui et al., 2019). To dissect the relative contributions of
267  chloroplasts and mitochondria to the MV-induced oxidative response in the cytosol, we used
268 inhibitors for the two different ETCs. Seedlings expressing the different sensors were pre-
269 treated with either 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) to inhibit the electron
270  transport between PSII and plastoquinone, or rotenone to inhibit the mETC at complex I (Fig.
271  5A-B). DCMU pre-treatment decreased MV-induced oxidation of both plastid-targeted
272 sensors compared to seedlings treated with MV alone (Fig. 5C, dark green and black curves).
273 The inhibitory effect of DCMU was most evident immediately after illumination in seedlings
274 expressing Grx1-roGFP2. In seedlings expressing roGFP2-Orpl, DCMU inhibited the
275  oxidation of the sensor as well, albeit to a lesser extent. Inhibition of the pETC by DCMU
276  also inhibited the light-induced oxidation of the cytosolic Grx1-roGFP2 (Fig. 5E) and
277  mitochondrial roGFP2-Grx1 (Fig. 5G, left panel). At the same time the fluorescence ratio
278  increase of mitochondrial roGFP2-Orpl was restricted to about 50-70% by DCMU (Fig. 5G,
279  right panel). Pre-treatments with rotenone noticeably suppressed the illumination- and MV-
280 induced ratio increase of Grx1-roGFP2 in chloroplasts and cytosol (Fig. 5D, F, left panels,
281  dark red and black curves). The inhibitory effect of rotenone, however, was less pronounced

282  than that of DCMU (Fig. 5C, E, left panels).

283 By contrast, roGFP2-Orp1 targeted to the plastids and the cytosol were not affected by
284  incubation with rotenone (Fig. 5D, F, right panels). Rotenone pre-treatment on plants

285  expressing the two sensors in mitochondria showed minor inhibition of the MV-induced ratio
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Figure 5. Contribution of chloroplast and mitochondrial ETCs to MV-induced oxidation. A, Model
depicting the function and interplay of MV and ETC inhibitors on superoxide production in a
chloroplast. MV withdraws electrons (e-) from photosystem I (PSI) and transfers them to molecular
oxygen (0,) to form superoxide (0,7). DCMU is an inhibitor that specilically blocks electron transfer
from photosystem 11 (PSI1) to plastoquinone. B, In the mitochondrion, MV is able to transfer electrons
from complex I of the mitochondrial electron transport chain to O,, generating O,". Rotenone inhibits
complex [ activity. C—H. Seven-day-old scedlings stably expressing the indicated sensor constructs in
plastids, cytosol or mitochondria were placed in 96-well plates with imaging buffer as a control or buffer
supplemented with 10 uM DCMU or 50 uM rotenone to inhibit the electron flux along the chloroplastic
or mitochondrial ETCs, respectively. After 1 h, MV was added (o a [inal concentration of 50 uM or
buffer as a control. After 2 h of treatments, the samples were intermittently exposed to 1 h of actinic light
(200 umol m* s). Data indicate the mean normalized ratio of the sensor fluorescence sequentially
excited at 41045 nm and 48045 nm, and collected at 530420 nm in at least [our biological replicates (lell
panels). Arrows on the x-axes of panels C—H indicate the time point at which data for the bar charts (right
panels). Dotted lines indicate ratio values measured from the same wells at the end of the experiment
during incubation in 20 mM DTT for full reduction or 100 mM H,O, for full oxidation of the probes.
Different letters represent statistical differences between ratios after log10 transformation, according to
one-way ANOVA with Tukey’s multiple comparison test (P < 0.05).

286 increase after illumination, particularly for the fluorescence ratio of roGFP2-Orpl (Fig. SH).
287  Immediately upon addition of MV to seedlings, a slight oxidation of the sensor in both

288  chloroplasts and mitochondria occurred independently of the illumination treatment (Fig. 5C,

16


https://doi.org/10.1101/2020.07.20.212670
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.20.212670; this version posted July 23, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

289
290
291
292

293

available under aCC-BY-NC-ND 4.0 International license.

D, G, H). The oxidation was still visible in chloroplasts and mitochondria of seedlings pre-
treated with DCMU, but was less pronounced in seedlings pre-treated with rotenone (Fig.
5H). This confirms that the pETC largely contributes to the light-induced oxidation of all

three compartments, while the mETC contributes only to a minor extent after illumination.
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294  DISCUSSION

295 Dynamic recording of oxidative processes in multiple subcellular compartments of plant

296 tissues using plate reader-based fluorimetry

297 Redox-sensitive GFPs have paved the way to elucidate the distinct differences in local
298  Ecsu of subcellular compartments in plant cells (Jiang et al., 2006; Meyer et al., 2007,
299  Schwarzlidnder et al., 2008). While roGFP2-based sensors for Ecsu are highly robust and
300 reliable, sensor constructs for H202 monitoring are more diverse and exhibit a combination of
301 integrated features (Schwarzldnder et al., 2016). Probe variants of the HyPer family have
302 been used multiple times in different subcellular compartments (Costa et al., 2010; Boisson-
303  Dernier et al., 2013; Exposito-Rodriguez et al., 2017; Rodrigues et al., 2017; Mangano et al.,
304  2018). Because HyPer is based on a circular permuted YFP a cleft in the artificial barrel
305 structure allows direct access of protons to the central chromophore rendering most HyPer
306 probes highly sensitive to pH, a feature that could potentially cause major artefacts in light-
307 dependent measurements in chloroplasts (Belousov et al., 2006; Schwarzlénder et al., 2014).
308 An updated version, HyPer7, has been proven to be pH insensitive, but has not yet been used
309 in plant research (Pak et al., 2020). Fusions of roGFP2 with peroxidases like the glutathione
310 peroxidase Orpl or peroxiredoxins, such as Tsa2 overcome this limitation because the
311  roGFP2 ratio is pH-insensitive over the whole physiological range (Schwarzldnder et al.,
312 2008; Gutscher et al., 2009; Morgan et al., 2016). Orp1 fused to roGFP2 was chosen in this
313  work based on its sensitivity to low H202 levels (Delaunay et al., 2002; Sobotta et al., 2013),
314  its pH-insensitivity, and its dependence on reduction via Grx and GSH (Nietzel et al., 2019).

315 Environmental stress conditions can trigger oxidative processes via ROS formation.
316  However, oxidation occurs with different dynamics and amplitudes in different subcellular
317  compartments (Schwarzldnder et al., 2009; Rosenwasser et al., 2011; Bratt et al., 2016).
318 Dynamic measurements after triggering oxidative stress have been successfully carried out in
319 the cytosol and mitochondria of cells and tissues placed in perfusion chambers on
320 fluorescence microscopes (Schwarzldnder et al., 2009). While high throughput approaches
321 are limited in a typical microscopy set-up, plate reader-based approaches have enabled
322 dynamic long-term measurements with multiple parallel samples in one experiment
323  (Rosenwasser et al., 2010; Rosenwasser et al., 2011; Bratt et al., 2016; Nietzel et al., 2019;
324  Wagner et al., 2019). Comparative measurements with Grx1-fused roGFP2 for Egsu and
325 roGFP2-Orpl for H202 sensing recently revealed differential responses of both probes in the
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326  cytosol and the mitochondrial matrix (Nietzel et al., 2019). Our results show that this
327  approach can be extended to the chloroplasts, as the predominant generators of ROS under

328  illumination (Mubarakshina et al., 2010).

329 While genetically encoded biosensors can be powerful tools for in vivo monitoring of
330 physiological parameters, potential problems caused by overexpression, mis-targeting or
331 incomplete targeting have been observed (Albrecht et al., 2014; De Col et al., 2017). In
332  contrast to a slight developmental delay that we observed previously for Arabidopsis plants
333  with mitochondrial roGFP2-Orpl (Nietzel et al., 2019), Grx1-roGFP2 and roGFP2-Orpl can
334  Dboth be targeted to plastids without any mis-targeting and without causing any apparent
335 developmental phenotype. The absence of obvious phenotypes suggests that the reporter
336  constructs and their import do not interfere with normal plastid functions. In microscopic
337  experiments with high spatial resolution incomplete targeting may not pose a major problem
338 or can even be exploited as an advantageous feature for simultaneous recording of
339  physiological responses in two compartments (Marty et al., 2019). As we employ plate reader
340 assays in which only the overall fluorescence from a biological sample is recorded, correct
341  targeting of the probes to all compartments is of utmost importance and was carefully

342  validated.

343 Previous reports using roGFP-based sensors have demonstrated a fast and reversible
344  oxidation in response to external H2O2 (Meyer et al.,, 2007; Morgan et al., 2011). We
345  observed similar fast oxidation kinetics for both tested sensors in the cytosol of Arabidopsis
346  seedlings. 10 mM H20: were sufficient to reach the maximum oxidation of the sensors. This
347 maximum oxidation, however, was not maintained but rather followed by an immediate
348 recovery towards the fully reduced state over the course of five hours. This decrease in the
349  fluorescence ratios of roGFP2 after severe oxidative challenge indicates a decrease of
350 intracellular H202 and re-reduction of the cytosolic glutathione buffer, respectively. This
351 recovery shows the remarkable efficiency of the plant peroxide detoxification machinery,
352  enabling 4-5 seedlings with a total fresh weight of ~15 mg to clear a total volume of 200 pL
353 from 10 mM H20: within five hours. This would amount to an average detoxification of
354  about 440 nmol (g FW)! min!, which interestingly is in the order of 50-5,000 nmol (g FW)™!
355 that has been reported for the H2O: content in unstressed leaves (Queval et al., 2008).
356  Although it is not the focus of this study, our experimental setup thus appears well suited for

357  further genetic dissection of cellular peroxide detoxification systems (Smirnoff and Arnaud,
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358  2019). The transitory peak for the maximum oxidation also highlights the need for immediate
359 measurement of complete sensor oxidation for calibration purposes (Schwarzlidnder et al.,

360 2008).

361 Real-time monitoring of MV-induced oxidative stress

362 While both roGFP2-based probes used here show an oxidative response after MV
363 treatment within hours, it is already known that exposure of plants to MV triggers distinct
364 changes in gene expression. In cucumber, MV causes the accumulation of ROS and lipid
365 peroxides after 1 h, while GSH oxidation and an increase in ascorbate peroxidase (APX) and
366  glutathione peroxidase (GPX) activities were identified 48 h after MV application (Liu et al.,
367  2009). Light acts as an enhancer of the MV-induced oxidation, but is not essential for MV-
368 induced oxidative damage (Cui et al., 2019; Shapiguzov et al., 2019).

369 Plants frequently contain a broad range of autofluorescent endogenous compounds
370 (Miiller et al., 2013). Reliable interpretation of sensor responses thus depends on correct
371 recording and subtraction of such signals underlying and potentially obscuring the true
372 roGFP2 signal (Fricker, 2016). While for short-term treatments with oxidative changes
373  induced by light and/or MV this can be done reliably and additionally controlled for by
374  careful monitoring the raw data for each individual channel, deviations in long-term
375 measurements cannot be fully excluded. For long-term recordings we found that in some
376  cases MV treatment led to strong changes of the apparent ratio recorded for both roGFP2-
377  based probes in vivo even though the individual channels showed little change. Although we
378 cannot fully explain the exact kinetics of the fluorescence ratio recorded over several hours
379 after MV treatment, we show that the reported effects of MV and light are reliable and
380 reproducible. In addition, inhibitor treatments confirmed that the observed effects are
381 causally connected to primary oxidation occurring in the respective subcellular

382  compartments.

383 Treatment of seedlings with MV without additional illumination caused oxidation in
384  chloroplasts, and to a minor extent in mitochondria and the cytosol. This contrasts with
385 earlier measurements in which MV caused a minor oxidation in mitochondria and a
386  pronounced oxidation in the cytosol of Arabidopsis cotyledons (Schwarzlénder et al., 2009).
387 A major difference between the two experiments is the use of a confocal microscope with

388 laser excitation targeting a small number of cells by Schwarzlédnder et al. (2009), while a
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389 plate reader with less intense excitation light collecting fluorescence from whole seedlings
390 was used in this work. In the first 2 h after MV addition, the response of the roGFP2-Orpl
391 sensor was faster and more pronounced compared to Grx1-roGFP2 in plastids or roGFP2-
392 Grxl in mitochondria, which indicates an increase of H2O: before a change in Easg.
393  However, because the oxidized roGFP2-Orpl depends on GSH for its reduction and because
394  the roGFP2 domain may on its own react with GSH/GSSG, a gradual change in sensor
395 oxidation may also reflect changes in the Egsn. If both sensors react to imposed stress (i.e. 5
396 h after MV addition) it is thus not possible to dissect whether the observed oxidation is
397 caused by H202 production or an increase of Egsu (Meyer and Dick, 2010; Nietzel et al.,
398 2019). We observed complete oxidation of plastid-targeted roGFP2-Orpl and partial
399  oxidation of plastid-targeted Grx1-roGFP2 after MV addition, indicating that the excitation
400 light in the plate reader is still sufficient to trigger electron flux in the pETC and hence the
401 formation of ROS (Supplemental Fig. S5). The MV-induced oxidation was considerably
402  slower than the oxidation induced by incubation of seedlings in H2O2 (Fig. 3), in accordance
403  with only intermittent illumination during plate reader measurements. The minor oxidation
404  observed for cytosolic sensors after MV challenge indicates that either low amounts of ROS
405 are leaving the chloroplasts under these conditions, or that the capacity of the cytosolic
406  scavenging systems is sufficient to detoxify the HxO: leaking from chloroplasts. H202
407  produced in chloroplasts may be detoxified locally through the glutathione—ascorbate cycle.
408  The Ecsn in each compartment is independent and not directly correlated (Marty et al., 2019).
409  The resultant GSSG is contained within the organelles, leading to a local change in Egsu to
410 less reducing values. The lethal phenotypes of Arabidopsis mutants deficient in plastidic GR2
411  strongly suggest that GSSG cannot be efficiently exported from plastids (Marty et al., 2019).
412  In addition, stromal Ecsu responds dynamically to light (Haber and Rosenwasser, 2020;
413  Miiller-Schiissele et al., 2020) and GSSG can be formed via several enzymes directly or
414  indirectly involved in ROS scavenging (DHAR, GRX, PrxIl, MSRB, among others), and its
415  efficiently recycled by GR2.

416  ROS as a putative mobile signal between cellular sub-compartments

417 In photosynthetic organisms, light exposure triggers activation or inactivation of
418 multiple redox-regulated enzymes containing thiol-switches (Cejudo et al., 2019). In
419  addition, 20—60 seconds of light stress in Arabidopsis leads to an increase in GSH and total

420  glutathione through processes associated with high levels of nitric oxide and photorespiratory
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421  processes providing increased amounts of GSH precursors (Choudhury et al., 2018). From
422  high light treatments of plants transiently expressing HyPer it was deduced that oxidation in
423  plastids and the nucleus takes less than one second (Exposito-Rodriguez et al., 2017). In our
424  experiments, we show a change in the oxidation of sensors targeted to plastids and
425  mitochondria in plants exposed to light (Fig. 4A—B G—H, green curves), indicating that light
426  exposition changes the redox homeostasis in these compartments. Further research will be
427 needed to increase the time resolution of these light-induced redox changes, especially using
428  pH-insensitive sensors such as roGFP2-Orpl and Grx1-roGFP2, since pH adjustments may
429  Dbe challenging for fast events.

430 Light exposure of samples pre-treated with MV increased the oxidation in
431  chloroplasts, cytosol and mitochondria more than MV alone (Fig. 4), in accordance with
432  enhanced MV toxicity due to pETC activation (Cui et al., 2019). Oxidation of the Grx1-
433  roGFP2 and roGFP2-Grx1 in all compartments was dependent on the pETC, as it was
434  inhibited by DCMU. This was the same for roGFP-Orpl targeted to cytosol and
435  mitochondria, while only a minor inhibition was observed in plastids (Fig. 5C, E, G). This
436 may indicate that the concentration of DCMU used still allows H202 production in the
437  chloroplast or that it enhances the production of peroxides through production of singlet
438  oxygen (Fufezan et al., 2002; Krieger-Liszkay, 2005; Dietz et al., 2016). In this same sensor
439 line, no oxidation peak was observed immediately after light exposure (Fig. 4). This peak
440  might have been missed due to a slightly slower transfer of the well plate back into the plate
441  reader.

442 The oxidation of roGFP2-Orpl in mitochondria after light and MV treatment was
443  dependent on pETC activity, as it was inhibited by DCMU (Fig. 4G, right panel). This
444  indicates that ROS produced in the chloroplast is escaping the local scavenging system and
445  affects redox homeostasis in the cytosol and mitochondria. In high-light stress conditions, the
446  association between plastids and nucleus increases (Exposito-Rodriguez et al., 2017),
447  potentially fostering a direct transfer of ROS from the plastids to the nucleus. Chloroplastic
448  H20: is believed to act as a secondary messenger involved in retrograde signalling to the
449  nucleus (Chan et al., 2016), where it can modulate the transcriptome (Sewelam et al., 2014).
450 As an example, the over-excitation of PSI can lead to ROS-induced changes in the redox
451  state of antioxidant-related transcription factors such as ZATI10 (Rossel et al., 2007) and
452  HSFAID, the latter can enhance the expression of the peroxidase AXP2 (Jung et al., 2013).
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453 The transfer of ROS from plastids to the cytosol might be facilitated by aquaporins
454  (Mubarakshina et al., 2010). In mammals, Aqp8 and Aqpl1 have been already characterized
455  as essential ROS transporters from mitochondria and the endoplasmic reticulum, respectively
456  (Chauvigné et al., 2015; Bestetti et al., 2020). In tobacco chloroplasts, the aquaporin NtAQP1
457  has been described as a gas pore for CO2 (Uehlein et al., 2008), while plant mitochondria
458  harbour at least 1 aquaporin, TTIP5;1, which is still uncharacterized (Bienert and Chaumont,
459  2014). Dynamic recording of ROS formed at the chloroplastic and mitochondrial ETCs and
460 downstream oxidative changes in other subcellular compartments as established in this work
461  presents opportunities for future research regarding the role of aquaporins in facilitating ROS

462  diffusion across membranes.

463 In mammals and other non-photosynthetic organisms, mitochondria constitute the
464  main source of ROS production under MV treatments (Cochemé and Murphy, 2008). Our
465  findings showed mild oxidation in the mitochondrial matrix after addition of MV (Fig. 3G-I),
466  which can also be observed in the fluorescence intensity shifts of both individual channels at
467  the moment of MV addition to seedlings expressing the mitochondria-targeted roGFP2-Orp1
468  (Supplemental figure S4F, supplemental figure SSF). This initial oxidative shift even before
469  the light treatment was inhibited in plants pre-treated with the mETC inhibitor rotenone but
470 not with the pETC inhibitor DCMU (Fig. 5H, right panels). This indicates that MV-toxicity
471  in mitochondria is independent from the chloroplastic pETC. Notably, rotenone also inhibited
472  the response of Easu to light/MV treatment in plastids and the cytosol (Fig. 5D, F, left
473  panels). In isolated barley thylakoids rotenone inhibits a NAD(P)H dehydrogenase-like
474  enzyme (NDH) which is implicated in cyclic electron transport via photosynthetic complex I
475  (Teicher and Scheller, 1998). Despite its original name, NDH has been recently shown to
476  preferentially accept electrons from ferredoxin rather than NADPH (Schuller et al., 2019).
477 The key role of NDH in cyclic electron transport may nevertheless explain a direct
478 modulation of light-induced MV toxicity by rotenone. In addition, mitochondria and
479  chloroplasts are metabolically coupled (Schoéttler and Toth, 2014; Shameer et al., 2019).
480  Therefore, we cannot discard an indirect inhibition of the pETC by decreasing the mETC

481  with rotenone.

482 Efficient inhibition of the mETC with rotenone and the pETC with DCMU led to
483  concomitant abolishment of MV-induced changes in both sensors. This observation further

484  supports the notion that the responses of both probes are causally connected to the activity of
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Figure 6. Increased chloroplast-derived ROS production caused by MV modulates the glutathione
redox potential in chloroplasts, cytosol and mitochondria. A, MV is an herbicide that causes
photo-oxidative stress in chloroplasts by diverting electrons from the photosystem I (PSI) to molecular
oxygen (0,), leading to formation of superoxide (O,). In addition, MV is able to transfer electrons from
complex I of the mitochondrial electron transport chain to O., also generating O.". Superoxide is
dismutated to H,O, by chloroplastic or mitochondrial superoxide dismutases (SODs). Increased
accumulation of [0, can lead to oxidation of the glutathione buffer, most likely via detoxification along
the glutathione—ascorbate cycle (not shown). B, Additional light enhances electron transport in the
chloroplasts, inducing the production of O, and in consequence also H,O,. If the scavenging capacitics
of the chloroplast are surpassed, 11,0, might be leaking to the cytosol and mitochondria. H,0, can
indirectly increase local E . which can be tracked using Grx1-roGIP2. The increase of H,0, can be
tracked using the oxidation of the roGFP2-Orpl sensor.

485  either ETCs. The interpretation of alterations in roGFP2 fluorescence as a measure of
486  oxidative responses linked to deviations of electrons from the ETCs thus appears valid (Fig.

487  6). Similarly, inhibitor-dependent abolishment of oxidation in the cytosol caused by MV in
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488  conjunction with light strongly suggests that the observed cytosolic alterations mirror the
489 release of ROS from chloroplasts into the cytosol and mitochondria. With the respective
490 probes and the plate reader setup it is thus possible to measure the immediate and dynamic
491  oxidative response to a stress imposed on chloroplast, in the cytosol and mitochondria. Pulsed
492  short-term stresses like e.g. short periods of strong illumination are followed by a recovery
493  phase. Only if the stress occurs at higher frequencies or even persist permanently, this results

494  in a long-term oxidation.
495  Concluding remarks

496 In this work, we have established a simple semi high-throughput approach to follow
497  the contribution of different subcellular compartments to a ROS-mediated oxidation response
498 in living tissues for multiple seedlings and treatment regimes in parallel. The results identify
499  chloroplasts as the principal source of ROS in response to MV in illuminated,
500 photosynthetically active tissue but also highlight the contribution of mitochondria to MV
501 toxicity within plant cells. The ability to record dynamic redox-related changes will pave the
502 way to better understand the interplay between redox imbalances in distinct plant
503 compartments. In future experiments, measuring coupled redox dynamics in combination
504  with genetics will enable further dissection of the signalling events between subcellular

505 compartments.
506 MATERIALS AND METHODS
507 Plant material and growth conditions

508 Arabidopsis thaliana Col-0 ([L.] Heynh.) plants were obtained from NASC

509 (www.arabidopsis.info). Transgenic Col-0 lines expressing the Grx1-roGFP2 sensor in the

510 cytosol have been described earlier by (Marty et al., 2009). For targeting Grx1-roGFP2 to
511  plastids, the sensor construct was cloned behind the target peptide of transketolase (TKrtp)
512  (Wirtz and Hell, 2003; Schwarzldnder et al., 2008; Speiser et al., 2018). For measurements of
513  Ecsu in the mitochondrial matrix, Col-0 plants were transformed with roGFP2-Grx1 cloned
514  Dbehind the target peptide of serine hydroxymethyltransferase (SHMTtp) as reported in
515  (Albrecht et al., 2014) and (Marty et al., 2019). Cytosolic and mitochondrial targeted versions
516  of the roGFP2-Orpl sensor were previously reported (Nietzel et al., 2019), while the plant

517 line expressing the plastid localized version of the sensor was generated in this work. For
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518 experiments with whole seedlings, seeds were surface-sterilized with 70% (v/v) ethanol,
519 rinsed 3 times with sterile deionized water and stratified for 48 h at 4°C. Seeds were then
520 sown on plates with 0.5x Murashige and Skoog growth medium (Murashige and Skoog,
521 1962) (Duchefa Biochemie, Haarlem, The Netherlands) supplemented with 0.1% (w/v)
522  sucrose, 0.05% (w/v) MES (pH 5.8, KOH) and 0.8% (w/v) agar. Plates were incubated
523  vertically in a growth chamber under a long-day regime (16 h light, 22 + 2°C; 8 h dark 18 +
524  2°C) with a photon flux density of 100 pumol m™s™! for 7 days.

525  Cloning of plastid-targeted roGFP2-Orpl1 sensor and generation of transgenic plant
526 lines

527  The roGFP2-Orpl sequence was amplified by PCR from pBSSK:roGFP2-Orpl (Gutscher et
528 al., 2009) and fused to TKrpr(as described in (Nietzel et al., 2019). Primers for roGFP2-Orp1
529  amplification were
530 AACCATAGAGAAAACTGAGACTGCGGTGAGCAAGGGCGAGGAGCTGTTC and
531 GTACAAGAAAGCTGGGTTCTATTCCACCTCTTTCAAAAGTTCTTC and for
532  amplification of the targeting peptide
533 TACAAAAAAGCAGGCTTCACCATGGCGTCTTCTTCTTCTCTCACT and
534 GAACAGCTCCTCGCCCTTGCTCACCGCAGTCTCAGTTTTCTCTATGGTT. Fusion of
535  Dboth constructs was achieved by amplification with  the primers
536 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACC and
537 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTA. For constitutive plant expression
538 (CaMV 35S promoter), the amplicon was cloned into pPDONR207 (Invitrogen Ltd, Carlsbad,
539 CA) and then into pH2GW?7 (Karimi et al., 2002) using Gateway cloning (Invitrogen Ltd,
540 Carlsbad, CA).

541  Confirmation of subcellular roGFP2 targeting by confocal microscopy

542  Seven-day-old seedlings were imaged using a confocal laser scanning microscope (Zeiss
543  LSM 780, connected to an Axio Observer.Z1; Carl Zeiss Microscopy, Jena, Germany) with a
544  40x lens (C-Apochromat 40x/1.2 W Korr). GFP and chlorophyll fluorescence were measured
545 by excitation at 488 nm and emission at 505-530 nm (GFP) and 650-695 nm (chlorophyll).
546  For mitochondrial counter staining, seedlings were vacuum infiltrated for 30 min on 200 nM
547  MitoTracker Orange (Thermo Fisher Scientific, Waltham, MA) and measured by excitation
548  at 543 nm and emission at 570—-623 nm.
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549  Purification of recombinant roGFP2 variants

550 E. coli HMS174/Origami cells containing the pET30-roGFP2-His vector were cultured in

551  liquid LB medium supplemented with 50 pg mL_1 kanamycin at 37°C to an ODggg of 0.6—0.8.
552  roGFP2-His expression and cell lysis were performed as described in (Nietzel et al., 2019).
553  The lysate was centrifuged at 19,000 g for 15 min at 4°C and the supernatant filtered through
554  a sterile filter of 0.45 pm nominal pore size. The filtered fraction was then loaded onto a Ni-

555 NTA HisTrapTM column (GE Healthcare, Little Chalfont, UK) using a peristaltic pump at a

556  flow rate of 1 mL min_l. Proteins were eluted from the column with a 10-200 mM imidazole
557 gradient (100 mM Tris-HCl, pH 8.0, 200 mM NaCl) using an AKTA Prime Plus
558  chromatography system (GE Healthcare). Fractions were collected and stored at 4°C.

559  Spectral measurement of roGFP2 probe variants in planta

560 4-5 seedlings were placed in 250 pL imaging buffer (10 mM MES, 10 mM MgClz, 10 mM
561 CaCl2, 5 mM KCI, pH 5.8) in transparent Nunc® 96-well plates. Samples were excited at
562 370496 nm with a step width of 1 nm and the emission collected at 530+5 nm using a
563 CLARIOstar plate reader (BMG Labtech, Offenburg, Germany). To achieve complete
564  reduction or oxidation of the sensor, the imaging buffer was supplemented with either 20 mM
565 1,4-dithiothreitol (DTT) or 100 mM H20:. Non-transformed wild-type seedlings were treated
566 in the same conditions and used to determine the autofluorescence that was subtracted from
567  the fluorescence recorded in roGFP2 lines. The spectral properties of recombinant roGFP2

568  were measured under the same conditions.
569 Time-resolved ratiometric analysis of probe fluorescence in planta

570  All in planta measurements for all different probes were conducted in either a CLARIOstar
571  or POLARstar plate reader (BMG Labtech). roGFP2 was excited by a filter-based excitation
572 system at 410+5 nm and 48045 nm. Fluorescence was collected using either a 530+20 filter
573  for the POLARstar, or a 520+5 nm for the CLARIOstar. The fluorescence ratio was
574  calculated as 410 nm / 480 nm and normalized to the ratio value at 0 h. Seedlings were
575 treated with different concentrations of H202 in a final volume of 250 puL imaging buffer. To
576  induce oxidative stress in seedlings by endogenous ROS production, MV (Sigma-Aldrich,
577  Steinheim, Germany) was added at different final concentrations using the built-in automated

578 injectors. Actinic light treatments were performed by placing the plate with seedlings pre-
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579  exposed to MV for 2 h under white LEDs with a photon flux density of 200 umol m 2 s™! for
580 1 h. Subsequently, the recording of roGFP2 fluorescence was continued in the dark (except
581  for the short light flashes required for the measurements) within the plate reader. To assess
582 the dynamic range of the probes in planta and for sensor calibration, 20 mM DTT and
583  subsequently 100 mM H20:2 were added at the end of each experiment to fully reduce and
584  fully oxidize the sensors. Between these treatments, samples were rinsed twice with imaging
585  buffer. In each experiment, at least 4 technical replicates consisting of 45 pooled seedlings

586  per well were used. Each experiment was repeated at least 3 times.

587  Samples were incubated with inhibitors of chloroplast and mitochondrial ETC prior to the
588 addition of MV. To inhibit photosystem II (PSII), samples were treated with 10 uM 3-(3,4-
589  dichlorophenyl)-1,1-dimethylurea (DCMU) dissolved in ethanol, whereas 50 uM rotenone
590 (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) to inhibit complex I of the

591 electron transport chain in mitochondria.
592 SUPPLEMENTAL MATERIAL

593  Supplemental Figure S1. Subcellular localization of roGFP2-based probes for Egsu and
594  H:0: in Arabidopsis.

595  Supplemental Figure S2. Raw fluorescence of Arabidopsis Ecsu and H202 sensors lines

596 compared with non-transformed Col-0 plants.

597  Supplemental Figure S3. Calibration procedure to determine the dynamic range of the

598  sensor exemplified for cytosolic roGFP2-Orpl.

599  Supplemental Figure S4. Individual excitation channels of roGFP2 fluorescence upon MV-

600 induced oxidation in planta.

601  Supplemental Figure SS. Effect of the excitation light on the MV-induced oxidation of the
602  roGFP2-Orpl sensor.

603  Supplemental Figure S6. Effect of extended treatment of Arabidopsis seedlings with MV.

604  Supplemental Figure S7. Individual excitation channels of roGFP2 fluorescence upon light-

605 enhanced MV-induced oxidation in planta.

28


https://doi.org/10.1101/2020.07.20.212670
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.20.212670; this version posted July 23, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

606 FIGURE LEGENDS

607  Figure 1. Subcellular localization and spectral behavior of Egsu and H,QO; sensors in
608  Arabidopsis. A—F (left panels), Confocal microscopy images of leaf epidermal cells from 7-
609 day-old seedlings stably expressing Grx1-roGFP2, roGFP2-Grx1 or roGFP2-Orp1 targeted to
610 plastids (A-B), cytosol (C-D) or mitochondria (E-F). All images show roGFP2 fluorescence
611  recorded with Aex = 488 nm and Aem = 505-530 nm. Bars, 50 um. A-F (right panels),
612  Grx1-roGFP2, roGFP2-Grx1 or roGFP2-Orp1 fluorescence excitation spectra for non-treated
613  seedlings (n.t., grey), and after reduction with 20 mM DTT (blue) or oxidation with 100 mM
614  H,O, (red). All spectra were recorded on a plate reader from 7-day-old seedlings with
615  emission at 52045 nm and using the same gain for all lines. The curves show the mean of the
616  fluorescence in arbitrary units (AU) +SD, with n > 3 biological replicates, where each
617 replicate is an independent pool of 4-5 seedlings. All spectra were corrected for the
618 autofluorescence measured in non-transformed control seedlings (see Supplemental Fig. S1).
619  The dynamic range (8) for the maximum change of the fluorescence ratio between the fully
620 oxidized and fully reduced sensor was calculated from the fluorescence collected after sensor
621  excitation at 410 and 480 nm. G, Schematic model of roGFP2 structure highlighting the
622  disulfide bond formation upon reversible oxidation. H, Excitation spectrum of purified
623  roGFP2 measured under similar conditions as the seedlings. To achieve full reduction and
624  full oxidation, the purified protein was incubated in 10 mM DTT or 10 mM H20,
625  respectively. Mean +SD, n = 6.

626 Figure 2. Real-time monitoring of cytosolic Grx1-roGFP2 and roGFP2-Orpl redox
627 changes upon imposition of oxidative stress in planta. A, Pools of 7-day-old seedlings (4—
628 5 per well) expressing Grx1-roGFP2 or roGFP2-Orpl in the cytosol were placed in a 96-well
629 plate. B, The redox state of the sensors was measured as the roGFP2 fluorescence after
630 sequential excitation at Aex = 410+£5 nm and Aex = 48045 nm. Fluorescence was always
631  recorded at Aem = 530420 nm. C, E, Time-resolved fluorescence recordings for the two
632  independent channels after addition of 100 mM H20: at t = 1 h. Both curves are normalized
633  to their initial values before imposed oxidation (dotted lines). D, F, Fluorescence ratio values
634  calculated to the original fluorescence in both channels in response to different
635  concentrations of H202. For control samples only buffer was added. The curves show the
636  mean ratio +SD from n = 4 biological replicates, where each replicate is an independent pool

637  of 4-5 seedlings. The ratio values are normalized to the original ratio values before addition
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638  of H202. The experiment was repeated three times with similar results. Dotted lines in panels
639 D and F indicate minimum and maximum ratio values measured from the same wells at the
640 end of the experiment during incubation in 100 mM H:O: for full oxidation and in 20 mM
641  DTT for full reduction of the probes (see Supplemental Fig. S3).

642  Figure 3. Real-time monitoring of Egsn and H;O; sensors upon MV-induced oxidation
643 in planta. A-I, Seven-day-old seedlings stably expressing Grx1-roGFP2, roGFP-Grx1 or
644  roGFP2-Orpl targeted to the cytosol, plastids or mitochondria were placed in a 96-well plate
645  with imaging buffer. After 1 h, MV was added to a final concentration indicated in panel A.
646  In control samples (green), only buffer was added to maintain a uniform total buffer volume
647  throughout the experiments. Ratio values were calculated from the fluorescence recorded by
648  sequential excitation of probes at 410+5 nm and 480+5 nm, and normalized to the initial ratio
649 at 0 h. Fluorescence was always recorded at 530+20 nm. Dotted lines indicate ratio values
650 measured from the same wells at the end of each experiment after incubation in 20 mM DTT
651  for full reduction or 100 mM H20: for full oxidation of the probes. C, F, I, Endpoint ratio
652  values at 6 h extracted from panels A, B, D, E, G and H. Mean ratios +SD, n > 3 biological
653  replicates, where each replicate is an independent pool of 4-5 seedlings. Different letters
654  indicate statistical differences between ratios after logio transformation, according to one-way
655 ANOVA with Tukey’s multiple comparison test (P < 0.05). Data for individual excitation
656  channels are presented in Supplemental Fig. S4.

657  Figure 4. Light enhances MV-induced oxidation of roGFP2-derived redox sensors. A-I,
658  Seven-day-old seedlings stably expressing the indicated sensor constructs in plastids, in the
659  cytosol or in mitochondria were placed in a 96-well plate with imaging buffer. After 1 h, MV
660  was added to final concentrations of indicated in panel A. Arrows on the x-axes of panels A,
661 B, D, E, G, and H indicate the time points at which data for the bar charts in panels C, F and
662 I were extracted (i.e. before and after illumination). In control samples (green), only buffer
663  was added. Oxidation of the sensors was recorded as the normalized ratio of the fluorescence
664  recorded with excitation at 410+5 nm and 480+5 nm, respectively. Fluorescence was always
665 recorded at 530420 nm. After a pre-incubation with MV for 2 h, seedlings were
666 intermittently illuminated for 1 h with actinic light (200 pmol m™ s') and redox
667 measurements were subsequently resumed for 2 h. Dotted lines indicate ratio values
668 measured from the same wells at the end of the experiment after incubation in 20 mM DTT

669  for full reduction or 100 mM H20: for full oxidation of the probes. Mean ratios +SD, n > 4
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670  Dbiological replicates, where each replicate is an independent pool of 45 seedlings. Different
671 letters represent statistical differences between ratios after logio transformation, according to
672 one-way ANOVA with Tukey’s multiple comparison test (P < 0.05). Data for individual
673  channels can be found in Supplemental Fig. S7.

674  Figure 5. Contribution of chloroplast and mitochondrial ETCs to MV-induced
675 oxidation. A, Model depicting the function and interplay of MV and ETC inhibitors on
676  superoxide production in a chloroplast. MV withdraws electrons (e”) from photosystem I
677  (PSI) and transfers them to molecular oxygen (O,) to form superoxide (O2"). DCMU is an
678 inhibitor that specifically blocks electron transfer from photosystem II (PSII) to
679 plastoquinone. B, In the mitochondrion, MV is able to transfer electrons from complex I of
680 the mitochondrial electron transport chain to O,, generating O2". Rotenone inhibits complex I
681  activity. C—H, Seven-day-old seedlings stably expressing the indicated sensor constructs in
682  plastids, cytosol or mitochondria were placed in 96-well plates with imaging buffer as a
683  control or buffer supplemented with 10 uyM DCMU or 50 uM rotenone to inhibit the electron
684  flux along the chloroplastic or mitochondrial ETCs, respectively. After 1 h, MV was added to
685 a final concentration of 50 uM or buffer as a control. After 2 h of treatments, the samples
686  were intermittently exposed to 1 h of actinic light (200 umol m™ s™'). Data indicate the mean
687 normalized ratio of the sensor fluorescence sequentially excited at 410+5 nm and 480+5 nm,
688 and collected at 530+20 nm in at least four biological replicates (left panels). Arrows on the
689  x-axes of panels C—H indicate the time point at which data for the bar charts (right panels).
690 Dotted lines indicate ratio values measured from the same wells at the end of the experiment
691  during incubation in 20 mM DTT for full reduction or 100 mM H20: for full oxidation of the
692  probes. Different letters represent statistical differences between ratios after logio
693 transformation, according to one-way ANOVA with Tukey’s multiple comparison test (P <

694  0.05).

695  Figure 6. Increased chloroplast-derived ROS production caused by MV modulates the
696 glutathione redox potential in chloroplasts, cytosol and mitochondria. A, MV is an
697  herbicide that causes photo-oxidative stress in chloroplasts by diverting electrons from the
698  photosystem I (PSI) to molecular oxygen (O2), leading to formation of superoxide (O2"). In
699 addition, MV is able to transfer electrons from complex I of the mitochondrial electron
700 transport chain to O, also generating O2". Superoxide is dismutated to H2O2 by chloroplastic

701  or mitochondrial superoxide dismutases (SODs). Increased accumulation of H2O2 can lead to
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702  oxidation of the glutathione buffer, most likely via detoxification along the glutathione—
703  ascorbate cycle (not shown). B, Additional light enhances electron transport in the
704  chloroplasts, inducing the production of O2 “ and in consequence also H202. If the
705  scavenging capacities of the chloroplast are surpassed, H202 might be leaking to the cytosol
706  and mitochondria. H202 can indirectly increase local Egsn, which can be tracked using Grx1-

707  roGFP2. The increase of H2Oz2 can be tracked using the oxidation of the roGFP2-Orp1 sensor.

708
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