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Rapid depolarization and cytosolic calcium increase go hand-in-
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”~

Maris Nuhkat' (%), Mikael Brosché? (), Sonja Stoelzle-Feix’ (1), Petra Dietrich? (), Rainer Hedrich® (¥,

M. Rob G. Roelfsema’ (") and Hannes Kollist"

"nstitute of Technology, University of Tartu, Nooruse 1, Tartu 50411, Estonia; *Organismal and Evolutionary Biology Research Program, Faculty of Biological and Environmental Sciences,
Viikki Plant Science Centre, University of Helsinki, Viikinkaari 1, Biocentre 3, Helsinki 00790, Finland; 3Nanion Technologies GmbH, Ganghoferstr 70A, Miinchen 80339, Germany;
“Molecular Plant Physiology, Department of Biology, University of Erlangen-Niirnberg, Staudtstrasse 5, Erlangen 91058, Germany; *Molecular Plant Physiology and Biophysics, Julius-

von-Sachs Institute for Biosciences, Biocenter, University of Wiirzburg, Julius-von-Sachs-Platz 2, Wiirzburg D-97082, Germany

Summary

Author for correspondence:
M. Rob G. Roelfsema
Email: roelfsema@botanik.uni-wuerzburg.de

e Plant stress signalling involves bursts of reactive oxygen species (ROS), which can be mim-
icked by the application of acute pulses of ozone. Such ozone-pulses inhibit photosynthesis
and trigger stomatal closure in a few minutes, but the signalling that underlies these responses
remains largely unknown.

e We measured changes in Arabidopsis thaliana gas exchange after treatment with acute
pulses of ozone and set up a system for simultaneous measurement of membrane potential
and cytosolic calcium with the fluorescent reporter R-GECO1.

¢ We show that within 1 min, prior to stomatal closure, O3 triggered a drop in whole-plant
CO, uptake. Within this early phase, O3 pulses (200—1000 ppb) elicited simultaneous mem-
brane depolarization and cytosolic calcium increase, whereas these pulses had no long-term
effect on either stomatal conductance or photosynthesis. In contrast, pulses of 5000 ppb Os
induced cell death, systemic Ca®* signals and an irreversible drop in stomatal conductance and
photosynthetic capacity.

¢ We conclude that mesophyll cells respond to ozone in a few seconds by distinct pattern of
plasma membrane depolarizations accompanied by an increase in the cytosolic calcium ion
(Ca*") level. These responses became systemic only at very high ozone concentrations. Thus,
plants have rapid mechanism to sense and discriminate the strength of ozone signals.
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Introduction 2002), to study the earliest steps following ROS perception in
mesophyll cells.
(ROS)

molecules in various plant developmental and stress responses

Reactive oxygen species are important signalling Atmospheric O3 enters plants via stomatal pores and is subse-

quently absorbed by the apoplastic space of the mesophyll cells,

(Mittler, 2017; Waszczak ez al., 2018). For example, the superox-
ide anion (O, ") and hydrogen peroxide (H,O,) form gradients
that promote root development, plant immunity, cell death, as
well as stomatal movements (Dunand ezal, 2007; Tsukagoshi
etal,, 2010; Kadota etal, 2015; Sierla etal, 2016). The latter
response was shown to depend on the leucine-rich-repeat recep-
tor kinase HPCA1, which functions as H,O, sensor in guard
cells that activates calcium ion (Ca®") channels and subsequent
stomatal closure (Wu ezal, 2020). However, in mesophyll cells
the mechanism of ROS perception and the immediate consecu-
tive events are still elusive (Waszczak et al., 2018). Ozone (O3)
degrades into various ROS and elicits a secondary ROS produc-
tion in plants, the application of Oj is therefore often used as
means for studying ROS-induced processes in plants (Waszczak
etal., 2018). Here we use the tropospheric air pollutant O3 as a
proxy to create a burst of apoplastic ROS (Wohlgemuth ezal.,

1692 New Phyrologist (2021) 232: 1692-1702

www.newphytologist.com

where it can form various ROS, including the hydroxyl radical,
0,"", and H,O, (Grimes et al., 1983; Kanofsky & Sima, 1995;
Moldau, 1998; Kollist ezal., 2007). Ozone has a high oxidative
potential and reacts with various organic substances of the cell
wall and the plasma membrane (von Sonntag & Gunten, 2012;
Vaultier & Jolivet, 2015). It has been suggested that ROS can
damage the function of the plasma membrane by lipid peroxida-
tion, thereby causing a physical disruption and increase of leaki-
ness (Halliwell, 2006; Wong-Ekkabut ez /., 2007). In line with
the injuries caused by ROS, short high doses of O3 lead to cell
death, while long-term exposure can induce visual lesions (Kan-
gasjarvi ez al., 2005; Kadono ez al., 2006).

As with many other biotic and abiotic stimuli, an increase of
the cytosolic calcium concentration is one of the earliest
responses that has been recorded after stimulation with Oj

(Evans etal, 2005; Kadono eral, 2006). Exposure to
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70-200 ppb of Oj for a period of 1 h causes a biphasic calcium
response in Arabidopsis seedlings as shown by aequorin-based
studies: a first transient increase in the calcium level occurs within
a minute after the start of the exposure, while the second peak
develops slower and is smaller in magnitude (Clayton ezal,
1999). The second peak was linked to the upregulation of Os-
responsive genes (Clayton et al., 1999; Short et al., 2012), but the
nature and function of the first Ca®" peak has remained unclear.

Several studies indicate that the early Os-induced Ca®" signals
affect ion-transport at the plasma membrane of plant cells. Ozone
was shown to decrease the activity of potassium ion (K") uptake
channels in Vicia faba guard cell protoplasts, which are known to
be Ca*'-inhibited (Grabov & Blatt, 1999; Torsethaugen ezal.,
1999), while studies with Arabidopsis root cells and cultured cells
showed that ROS stimulate the Ca®*-insensitive K -efflux chan-
nels (Blatt & Armstrong, 1993; Demidchik eral, 2010; Tran
etal., 2013). Moreover, very high doses of Os; (35000 ppb)
applied to Arabidopsis cultured cells were reported to induce a fast
depolarization, which was linked to the activation of anion chan-
nels (Kadono ez al., 2010). It is thus likely that O3 triggers a sig-
nalling chain in which the activity of several ion channels is
modulated, but the exact sequence of events still needs to be
uncovered.

Here we used gas-exchange techniques, membrane potential
measurements and a Ca’'-imaging approach to study Os
responses in leaves. This study revealed that acute doses of O3,
which do not trigger cell death, cause an immediate depolariza-
tion of mesophyll cells in three stages that correlate with cytosolic
calcium signals.

Materials and Methods

Plant material and growth conditions

The Arabidopsis thaliana transgenic plants, expressing the com-
bined R-GECO1-mTurqoise fluorescent Ca*" reporter (from
here on RG-mT), were in the Col-0 accession and have been
described earlier (Keinath ez al., 2015; Waadt ez al., 2017). Seeds
were vernalized in water at 4°C for 2 d prior to sowing. For gas-
exchange experiments the growth substrate consisted of 2: 1 (w/
v) peat : vermiculite. Plants were grown in a Snijders growth
chamber (MCA1600; Snijders Scientific, Drogenbos, Belgium),
at a 12h:12h day: night cycle at temperature 23°C : 20°C,
150 pmol m™*s™" photon flux density and 70% relative humid-
ity. For the combined membrane potential and calcium imaging
experiments, the plants were grown in sterilized soil and grown
in a growth chamber (KWBF 720; Binder) at 12h:12h
day : night cycle at temperature 21°C : 18°C, 60% relative
humidity, with 100 pmol m 25! photon flux density. After 12
d, the seedlings were transferred to separate pots and grown for
another 3 wk in the same conditions.

Gas-exchange experiments

Gas-exchange experiments were carried out as described previ-
ously (Kollist ezal., 2007). Briefly, plants were grown through a
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hole in glass plate covering the pot; the remaining cavity was cov-
ered with a bee wax mixture 2 d ahead of the measurements.
Experiments were carried out on 24-28 d old plants in a custom-
made gas-exchange device with controllable light levels, tempera-
ture, and air humidity for intact plants. Conditions in the mea-
surement cuvettes were: 65—75% relative air humidity, ambient
CO, concentration (¢. 400 ppm), and a photon flux density
150 pmol m*s~". For overnight measurements, eight plants
were measured simultaneously and placed to measurement
cuvettes the evening before the experiment, at a minimum of
18 h before the onset of Os. For shorter experiments, all plants
were measured separately, and were acclimated for a minimum of
1 h before the start of the experiment, or until the stomatal con-
ductance was stable. For both types of experiments, measure-
ments were averaged over periods of 1 min. Plants were exposed
to either 1000 or 5000 ppb of Os, for 3 or 10 min. All plants in
the experiments were used only once.

Electrophysiology

Membrane potential measurements were carried out with leaf
discs, which were prepared from 5-wk-old Col-0 plants. First, a
leaf was attached with its adaxial side to double-sided adhesive
tape in a small Petri dish and cut back to a disc of «
15 x 10 mm. A rubber ring with water repelling lanoline
(Sigma-Aldrich, St Louis, MO, USA) was placed on the leaf,
while the remaining leaf area was submerged in the following
bath solution: 1 mM potassium chloride (KCI), 1 mM calcium
chloride (CaCl,) and 1 mM 2-(/N-morpholino)ethanesulphonic
acid (MES), pH 6. In this configuration, the central part of the
leaf disc was kept free from the bath solution and thus stayed in
direct contact with the atmosphere. The leaf discs were accli-
mated for a minimum of 1 h in light and then placed on the
microscope table. An airflow of 40 1h™" was passed through a
humidifier and directed on the liquid-free area of the leaf disc
through a stainless-steel dispenser, the position of which
remained unchanged throughout the experiment. A constant air-
flow was maintained for at least 1 h before the leaf disc was
exposed to Oz. Ozone was generated with a Certizon (C100;
Erwin Sander GmbH, https://www.aqua-sander.de) O3 genera-
tor using an oxygen stream that was added to the main airflow,
at the desired concentration using a manostat that was calibrated
with a portable O3 monitor (Series 500; Aeroqual, www.aeroqua
l.com). In control experiments, the same flow of oxygen was
added to the main airflow.

Membrane potential measurements were carried out with a
custom-made amplifier (input impedance > 10'" Q, Ulliclam-
p01) that was connected to microelectrodes via silver/silver chlo-
ride half cells. For reference electrode, a glass capillary filled with
300 mM KCI with a 2% agarose 300 mM KCI plug was used,
which was placed in the bath solution surrounding the leaf disc.
Measurement electrodes were produced from borosilicate glass
capillaries (inner diameter, 0.58 mm; outer diameter, 1.0 mmy;
Hilgenberg, www.hilgenberg-gmbh.com) on a laser puller
(P2000; Sutter Instruments Co., www.sutter.com). The elec-
trodes were moved to the cell through open stomata by a piezo

New Phytologist (2021) 232: 1692-1702
www.newphytologist.com


https://www.aqua-sander.de
http://www.aeroqual.com
http://www.aeroqual.com
http://www.hilgenberg-gmbh.com
http://www.sutter.com

1694 Research

micromanipulator (MM3A; Kleindiek Nanotechnik, www.na
notechnik.com) and the impalement of mesophyll cells was char-
acterized by a sudden change of the measured potential to values
ranging from —140 to —200 mV. All O3 treatment experiments
were carried out on different leaf discs, one plant was used to pre-
pare a maximum of two leaf discs.

Patch-clamp recordings were made in the cell-attached configu-
ration, using mesophyll protoplasts enzymatically isolated from 3
to 10-wk-old Col-0 Arabidopsis leaves, as described previously
(Stoelzle etal, 2003). Sealing procedure was done under white
light  provided by the microscope halogen  lamp
(10 pmol m™2s™ 1), After establishment of the cell-attached config-
uration the microscope light was turned off to prevent light-
activation of cation channels (Stoelzle ezal, 2003). Currents were
measured by an EPC-9 patch-clamp amplifier (Heka Electronics,
www.heka.com) in 1s voltage ramps, and the current responses
were averaged from 10 consecutive ramps applied with an interval
of 3s. Steady-state current amplitudes were determined at the end
of 800 ms voltage pulses. The bath solution was composed of
40 mM calcium gluconate and 10 mM MES, pH 5.6 (Ttis), the
pipette solution contained 10 mM barium gluconate, 4 mM KClI,
4mM ethylene glycol-bis(B-aminoethyl  ether)-N,N,N',N'-
tetraacetic acid (EGTA), and 10mM 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES), pH 7.1 (Tris). Solutions

were adjusted to 400 mosm kgq, using D-sorbitol.

Fluorescence microscopy

Cytosolic [Ca%Y] signals were monitored with the fluorescent R-
GECO1-mTurquoise reporter protein (Waadt ez al, 2017). The
fluorescence was recorded using the filter wheels of a spinning
disc system (CARV II; Crest Optics, www.crestopt.com)
mounted to the fluorescence port of the upright microscope
(Axioskop 2FS; Zeiss, www.zeiss.com/microscopy/int/home.
html). Light from a light emitting diode (LED) system (pE-
4000; CoolLED, www.coolled.com/) at 435 and 580 nm, for
mTurquoise and R-GECOI, respectively, was used for excita-
tion. Emission light was passed through dichroic mirrors with
cut-off wavelengths of 450 nm (T450 LPXR; Chroma Technol-
ogy Corp., www.chroma.com) and 590 nm (FF593 BrightLine;
Semrock Inc., www.semrock.com) and filtered with band pass
filters at 475/28 nm (BrightLine HC; Semrock) and 628/40 nm
(BrightLine; Semrock). The excitation light was focused on the
specimen with a low-magnification objective (Achrostigmat 5X;
Zeiss) and images were captured with an exposure time of
200 ms and an interval of 2's with a charge multiplying charge-
coupled device (CCD) camera (QuantEM; Photometrics, www.
photometrics.com). Camera, spinning disc and LED light sys-
tems were operated with the VISIVIEW software (Visitron, www.
visitron.de).

All fluorescence microscopy experiments were performed on
leaf discs, prepared as described earlier. Each leaf disc was used
for an experiment only once. For experiments with 5000 ppb O3,
a slice of 1% agarose gel (w/v in water) ¢. 2-3 mm thick and with
1 cm”® surface area was placed on half of the field of view to
reduce the flow of Oj; reaching the leaf surface. The agarose gel
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covered roughly half of the field of view and reduced the flow of
O3 reaching the leaf surface to less than 0.5% (Supporting Infor-
mation Fig. S1).

Images were analysed with IMAGE] software (Schneider ez al,
2012) utilizing NucMed look-up-tables (J.A. Parker, https://ima
gej.nih.gov/ij/download/luts/) and Time Series Analyzer V3
plugin (Department of Neurobiology, University of California,
Los Angeles, CA, USA; https://imagej.nih.gov/ij/plugins/time-se
ries.html). The analysis of fluorescence intensity in veins and/or
intercostal areas was conducted for regions of interest (ROIs) that
are indicated in the respective figures. For measurements in
which 5000 ppb O3 was applied, the parts of field of view that
were in direct contact with the air or covered by the agarose gel
were selected for the analysis; for image analysis procedures the
whole field of view was used, while the margins of the image were

excluded.

Statistical analysis

Repeated measures ANOVA with Tukey post hoc test was used to
compare before and after O3 treatment values for stomatal con-
ductance and CO, assimilation values as well as membrane
potential changes. Statistical analyses were performed with Sta-
TISTICA (v.7.1) software (StatSoft Inc., https://www.statistica.c
om/en/).

Results

Ozone inhibits CO5-assimilation before it induces stomatal
closure

Whole rosettes of intact Arabidopsis thaliana plants were exposed
to 3- or 10-min O3 pulses of 1000 ppb. These O5 pulses trig-
gered a rapid transient decrease in stomatal conductance (63%
lower than the initial value 10 min after O3 exposure, Fig. 1a), as
reported earlier (Kollist ez al., 2007; Vahisalu ez /., 2010). While
the initial responses to 3- and 10-min pulses of O3 were very sim-
ilar, later changes in stomatal conductance (the period of 2-6 h
after stimulus application) differed considerably (Fig. 1a). After a
3 min Oj; exposure, the plants recovered to a stomatal conduc-
tance that was slightly higher than in the control, while a 10 min
O3 exposure caused some recovery but thereafter stomatal con-
ductance remained lower than that of control plants (Fig. 1a).
During the night, the stomata closed irrespective of the Oj treat-
ment, but plants treated with a 3-min Oj pulse retained a higher
stomatal conductance throughout the night. At the end of the
24 h measurements no significant difference in the stomatal con-
ductance was any longer observed.

In contrast to the large changes in stomatal conductance, O3
provoked only a small decrease in CO, assimilation (Fig. 1a). On
average, the CO, uptake rate was reduced by 15% (16-min time
point). Just as the transpiration, the assimilation returned to the
same level as control after the dark period (Fig. 1a,b). No visible
injury was caused by these O3 doses (Fig. S2a), which indicates
that even the 10 min exposure to 1000 ppb O3 does not lead to
irreversible damage in Arabidopsis.

© 2021 The Authors
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Fig. 1 Stomatal conductance and CO, assimilation of 4-wk-old Arabidopsis thaliana plants in response to ozone (O3). Ozone (1000 ppb) was applied for 3
or 10 min (arrow above the traces) and the stomatal conductance (a) and CO, uptake rate (b) were recorded for 24 h. Results pooled from three
independent experiments are shown, n=9-11, error bars represent SEM. (c, d) Ozone was applied for 10 min and the CO, exchange rate was measured at
1 min intervals. The O3 exposure was started at time point O, the dashed lines indicate the duration of Os treatment. (d) Shows same data as (c) but zooms
in at the first minutes after Os application. Note that the y-axis in (d) also differs from (c). One plant was measured per experiment. An asterisk represents
the first statistically significant timepoint during treatment compared to average of last 5 min value before treatment (Tukey HSD, P <0.05). n= 25, error

bars represent SEM.

The early responses to 10-min O3 pulses were studied in fur-
ther detail, by recording the stomatal conductance and CO,
uptake rate at a 1-min interval (Fig. 1c,d). In line with the experi-
ments described earlier, the stomatal conductance response was
much stronger than the change in CO, assimilation (Fig. 1c).
However, Oj; caused a statistically significant drop in CO, assim-
ilation already 1 min after the start of the Oj; exposure
(P=0.0087, Tukey honestly significant difference (HSD)),
whereas the decrease in stomatal conductance only occurred after
3 min (Fig. 1d). Apparently, O3 application triggers early pro-
cesses in mesophyll cells that lead to reduction of photosynthetic
CO, uptake.

Ozone triggers rapid plasma membrane depolarization in
mesophyll cells

The observed early change in the CO, assimilation suggested that
there is a rapid Os-induced response in mesophyll cells that pre-
cedes the stomatal response. As membrane potential changes
often occur in an early stage during stress responses (El-Maarouf

© 2021 The Authors
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etal., 2001; Wendehenne et al, 2002; Colcombet ez al., 2009;
Jeworutzki eral., 2010) we set up an experimental approach to
measure mesophyll plasma membrane responses to application of
Ojs: Arabidopsis leaf discs were submerged in bath solution, but
an area in the centre was in direct contact with the atmosphere
and could be exposed to O3 (Fig. 2a). At the start of the experi-
ment, the microscope lamp was turned off, which induced a short
hyperpolarization followed by a transient depolarization (Fig. 2b,
¢; Table S1). Switching light on first triggered a depolarization
that was followed by a transient hyperpolarization and a return to
an average membrane potential of —168 mV (SEM =4), in a
similar fashion as described earlier (Elzenga eral, 1995). A 3-
min Oj3 pulse transiently depolarized the mesophyll cells and in a
few minutes the membrane potential returned to the pre-
stimulus value (Fig. 2b; Table S1). In contrast the mesophyll cells
remained depolarized or depolarized even further for at least
30 min after exposure to O for 10 min (AV=48 mV compared
to V}, before exposure, SEM =10.2, n=8). After the 10 min O3
treatment, the depolarized cells still responded to offset and onset
of light (Fig. 2¢), but the magnitude of the membrane potential

New Phytologist (2021) 232: 1692-1702
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Fig.2 Ozone (Os)-induced changes in the membrane potential of Arabidopsis mesophyll cells. (a) Drawing of the experimental setup that was used to
record the membrane potential response of mesophyll cells to Os. A leaf disc was attached to double-sided adhesive tape in a small Petri dish and a rubber
ring with lanolin was placed on top of the disc; the Petri dish was filled with bath solution, except for the area within the rubber ring. An air flow was
directed via a stainless-steel tube onto the solution-free area and O3 was applied via this air stream. A measurement electrode was inserted into mesophyll
cells, while the reference electrode was placed in the bath solution. (b, ¢) Representative membrane potential traces of mesophyll cells exposed to

1000 ppb Os for 3 and 10 min, respectively. Ozone exposure period is indicated with blue lines. The bar below the graphs indicates if the leaf was exposed
to light or kept in the darkness. The x-axis displays the time relative to the start of O application. Both treatment regime experiments were repeated at
least seven times with similar results. (d) Three phases in the membrane potential response to O3 observed at the beginning of both 3- and 10-min O3
treatments: (1) initial depolarization that starts almost immediately upon application of O (2) second steep, but transient, depolarization (3) sustained

depolarization.

response was attenuated compared to the 3 min O3 experiment
(Fig. 2b). Application of the same volume of pure oxygen as the
volume of airflow added during O3 exposure led to no change in
the membrane potential (Fig. S3).

In all measured cells, the Os-induced early membrane poten-
tial response displayed three distinct phases (Fig. 2d; Table S1).
Within 1-2s after O application a small depolarization
(AV=4.5mV, SEM = 0.4, n=25) occurred that lasted on aver-
age for 23 s (SEM =1.1). This early response was followed by a
stronger depolarization that had a distinct peak (AV=27.5mV,
SEM =24, n=25) on average at 42s (SEM =3.2), after the
onset of the stimulus. In phase 3 a slow further depolarization
was evident after which membrane potential slightly repolarized.
On average, the maximum change in membrane potential during
these three phases was 47 mV (SEM = 3.2) that was reached 134 s
(SEM =25.9) after the start of the exposure.

New Phytologist (2021) 232: 1692-1702
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Ozone induces cytosolic calcium signals in mesophyll and
vascular cells

Stress responses in plant cells are often accompanied by cytosolic
calcium signals, which can activate plasma membrane anion
channels that in turn cause a depolarization (Barbier-Brygoo
etal., 2011; Roelfsema etal, 2012). We therefore studied
changes in cytosolic calcium level with RG-mT, a genetically
encoded dual-wavelength calcium reporter (Waadt ez al, 2017).
RG-mT fluorescence and membrane potential (£,,) values were
measured simultaneously before, during, and after a 10-min
pulse of 1000 ppb of O; (Video S1). Ozone-induced changes in
cytosolic [Ca®'] and membrane potential (£,,) showed a similar
pattern, characterized by a fast increase of RG-mT fluorescence
ratio and a depolarization in the first 2 min, thereafter both val-
ues recovered, followed by a second increase of the RG-mT signal

© 2021 The Authors
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and a depolarization (Fig. 3a,b). However, in comparison to the
change in £, the RG-mT fluorescence did not exhibit a fast peak
during the first depolarization (phase 1 in Fig. 2d) and reached its
peak value slightly later as the maximum depolarization (Fig. 3b).

The timing and nature of the O3-induced membrane depolar-
ization and cytosolic [Ca®"] increases were analysed in further
detail, by application of several concentrations of O;. Lowering
the O3 concentration from 1000 to 600 and 200 ppb decreased
the magnitude of the depolarization, but the timing remained
virtually unchanged (Figs3c, S4). A similar O3 concentration
dependence was found for the calcium response, recorded with
R-GECO1 (Fig. 3d). However, the calcium level remained con-
stant during the first phase of the F, -response, directly after
application of O3 (Fig. 3d), just as described earlier for Fig. 3(b).

We compared the Os-induced Ca®" responses of cells in the
veins and those located in the intercostal fields, which were stim-
ulated with two consecutive 1000 ppb O3 pulses (Fig. 4). The
RG-mT signal showed a strong increase in the intercostal fields
and a much lower change in the veins during the first O3 pulse,
while during the second Oj exposure, the Ca”*'-increase in the
veins was delayed in comparison to the intercostal fields. This
suggests that cells in intercostal fields are more responsive, most
likely because Oj first enters the intercellular air space through
stomata in this region, while its concentration decreases when it
travels towards the veins within the leaf disc.

(a)

Fig. 3 Effect of ozone (O3) on mesophyll
cells' cytosolic calcium level. (a) Pseudo-
colour images of the R-GECO1 fluorescence

Hydrogen peroxide activates calcium ion-permeable
channels and depolarizes mesophyll cells

Upon entrance into leaves, O3 will form several ROS includ-
ing H,O,, which was previously shown to activate non-
selective cation channels in various cell types (Pei ezal., 2000a;
Demidchik ezal, 2003). We therefore tested if mesophyll cells
possess such CaZ+—permeable channels, using the patch clamp
technique with mesophyll protoplast of Arabidopsis (Fig. 5a).
Application of H,O, lead to an increase of inward current
that is typical for Ca** permeable cation channels, under the
experimental conditions used (Stoelzle eral, 2003) (Fig. 5b,c).
These channels are thus good candidates to facilitate the Os-
induced rise of the cytosolic Ca*" concentration. High cytoso-
lic Ca®" concentrations can activate plant anion channels
(Geiger etal., 2010; Scherzer eral, 2012), including those of
mesophyll cells of pea plants (Elzenga & Van Volkenburgh,
1997), which will lead to a depolarization at physiological rel-
evant conditions (Roelfsema efal, 2012). In line with this
sequence of events, application of H,O, depolarized mesophyll
cells in a concentration-dependent manner (Fig. 5d,e). How-
ever, the H,O,-induced depolarization differed from that pro-
voked by Os;, as the H,O, response lacked the initial
depolarization (phase I in Fig.2d) and the transient nature,
which was observed after application of O3 (Fig. 2b,c).

Low Ca?" e ——— th Ca*

intensity of an Arabidopsis leaf disc, exposed (b) 4 I
for 10 min to 1000 ppb Os, starting in image —~ 35

2. Numbers on the images indicate the £ 3
acquisition timepoint and correspond to (b). o 25

The horizontal line visible in the middle of the % 2

image is the measurement electrode, the L 1.5

location of its tip is marked with an asterisk. 5 015

(b) A representative measurement of 0
simultaneous recording of the RG-mT

fluorescence ratio in the leaf disc, and 0
membrane potential of a mesophyll cell ().

The time period of O3 (1000 ppb) application (c)

o) | -120
-130
~140 .
-150 E
~160 wf
-170
-180
-190

5 10 15
Time (min from O, start)

(d)

= R-GECO1-mT signal
Membrane potential

is indicated above the graph; numbers
correspond to the images in (a). (c, d)
Simultaneous measurements of E,, and RG-
mT fluorescence in leaf discs stimulated with
pulses of 200, 600 and 1000 ppb Os. The
stimuli were applied at timepoint O for

10 min. (c) The £, changes (AV) in response
to Os, relative to the average £, values 10
during 30 s before application of the

stimulus; (d) R-GECO1/mT ratio change, 0
relative to the average value during 30 s

before O3 exposure. n=9-12, error bars 0
represent SEM.
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Fig.4 Ozone (Os) evokes repetitive cytosolic calcium increases in Arabidopsis leaf cells. (a) Pseudo-colour images indicating the R-GECO1 fluorescence
intensity, from a leaf disc that was stimulated with two pulses of O3; 1000 ppb Os was applied in between 1 and 2 as well as between 3 and 4. Numbers
correspond to the timepoints indicated in (b). Regions of interests used for analysis are outlined on the first image in red (veins) and white (intercostal
areas). (b) Two pulses of 1000 ppb O3 were applied to a leaf disc, as indicated above the graph. Changes in the R-GECO1 fluorescence intensity are given
relative to the average value 30 s before the first exposure. Changes in R-GECO1 fluorescence were calculated separately for the leaf bundles (veins) and
the areas between them (intercostal areas). The experiment was repeated seven times with similar results.

Ozone-induced calcium response spreads to neighbouring
cells only at concentrations that trigger cell death

As ROS have been demonstrated to trigger long-distance calcium
waves (Evans ez al., 2016), we studied if Oz-induced calcium sig-
nals are transmitted to leaf areas that are not in direct contact
with the stimulus. Part of the leaf was covered with a thin layer of
agarose gel, which reduced the flow of O3 reaching the leaf more
than 99% (Fig. S1). The rest of the leaf remained uncovered and
could thus be stimulated with O3. Two successive O3 pulses were
applied, a first one with 1000 ppb and 10 min later a second with
5000 ppb. The first exposure to 1000 ppb O3 evoked a transient
increase in the calcium level in the uncovered area, but no cal-
cium signal was recorded in the covered area (Fig. 6; Video S2).
However, application of a five-times higher O3 concentration
(5000 ppb) triggered calcium signals both in the uncovered as
well as covered area (Fig. 6). The latter calcium response started
with a delay and was most apparent in the area closest to the part
of the leaf that was in contact with the atmosphere. A strong O3
pulse of 5000 ppb thus appears to induce a calcium wave that
travels from cells that are directly stimulated with Oj to tissues
that were covered by agarose (Video S2).

The induction of Ca*" waves by strong O3 pulses (5000 ppb)
indicates activation of a different process in comparison to the
local increase in Ca®" triggered by a lower O3 concentration
(1000 ppb). The response to 5000 ppb was therefore studied in
further detail with gas-exchange experiments, which showed that
3 min of 5000 ppb O3 caused a sustained decrease of the stomatal
conductance, as well as the CO, uptake rate (Fig. 7a,b). Note
that both the stomatal conductance and CO, assimilation both
fully recovered after a pulse of 1000 ppb (Fig. 1a). Pulses of
5000 ppb thus seem to cause an irreversible damage to the leaves,

New Phytologist (2021) 232: 1692-1702
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which leads to a very low stomatal conductance (Fig. 7a). The lat-
ter response is probably linked to the cell death that became visi-
ble in the following days (Figs 7c, S2b).

Discussion

Three phases of the early membrane response to ozone

This study provides insights into the earliest Oj-triggered ROS
signalling events in mesophyll cells. We recorded a sequence of
changes in the membrane potential and cytosolic Ca®" level that
were induced within a few seconds and could be separated into
three phases.

In the first phase, the membrane depolarizes slightly, but no
change in the cytosolic calcium level can be observed yet (Figs 2,
3). It is probable that a plasma membrane Ca®" permeable con-
ductance is activated in this phase, which causes the initial small
depolarization, but the changes in the cytosolic Ca*" level are not
yet strong enough to be detected with the R-GECOI reporter.
The ROS-activated Ca*'-permeable cation channel that was
detected with the patch clamp technique (Fig. 5b,c) is a good
candidate to contribute to this initial depolarization. Similar
ROS-activated Ca**-permeable channels have been identified in
various cells (Pei etal, 2000b; Demidchik eral, 2003, 2018),
but their molecular nature still not resolved. These channels may
be encoded by genes belonging to the families of
hyperosmolality-gated calcium-permeable channels (OSCA)
(Yuan et al., 2014) and cyclic nucleotide gated channels (CNGC)
(DeFalco et al., 2016), however, further research will be required
to clarify this issue.

During the second and third phase of the Oj response
(Fig. 3b), the changes in cytosolic Ca®" concentration and the

© 2021 The Authors
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Fig. 5 Hydrogen peroxide (H,O,) activates —H,02 —20

calcium-permeable channels in mesophyll
cells and triggers a depolarization. (a) Image
of an enzymatically isolated mesophyll
Arabidopsis protoplast (scale bar =10 pm).
(b) Current traces in response to voltage
ramps before and after application of 5 mM
H,05 to the bath solution. (c) Mean steady-
state currents determined from voltage pulse
experiments in the absence and presence of
5 mM H,0O,, in the cell-attached
configuration. n=5, error bars represent -80
SEM. (d) Membrane potential of mesophyll =
cells exposed to control solution (white area
in bar below the graph), 50 uM H,O, (light 3
grey area in bar), 0.5 mM H,O, (dark grey

area in bar) and 5 mM H,O, (black area in

bar). (e) Average membrane potentials of

mesophyll cells measured at control

indicated above the graph. n=9-11, errors
bars represent SEM.
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Fig. 6 Ozone (Os) pulses of 5000 ppb
provoke long-distance calcium ion (Ca
signals. (a) R-GECO1/mT ratio change in
Arabidopsis thaliana leaf discs exposed to 0
two 3-min pulses of O3 of 1000 ppb (first

pulse) and 5000 ppb (second pulse). Half of -1
the leaf area in the field of view was in

contact with the air flow (blue trace), while _5
the other half was covered with a thin layer

of agarose gel (red trace). Note that the Ca* (b)
signal does not continue in the covered area
of the leaf during stimulation with 1000 ppb,
while 5000 ppb causes a long-distance Ca** 2
signal. n=8, error bars represent SEM. (b)
Pseudo-colour images of the R-GECO1
fluorescence intensity in a leaf disc exposed
to two pulses of O3 as in (a), numbers
correspond. Dashed line indicates the rim of
the agarose gel covering the left part of the
leaf disc.
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plasma membrane potential go hand in hand. Such a close
correlation between increasing cytosolic Ca®" and the mem-
brane potential was also found for guard cells of tobacco
(Chen etal, 2010; Stange etal, 2010) and Arabidopsis
(Huang eral, 2019). In guard cells, the SLAC1 and SLAH3
anion channels are activated by an increase in cytosolic cal-
cium concentration and a calcium-activated anion channel

has also been identified in mesophyll cells of pea (Elzenga &
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Van Volkenburgh, 1997). Elevation of the cytosolic Ca**
concentration in mesophyll cells thus may lead to activation
of plasma membrane anion channels, which in turn will
cause a depolarization of the plasma membrane. The SLAH3
anion channel is expressed in mesophyll cells (Geiger eral.,
2011; Demir ezal, 2013) and future research may reveal if
this channel and/or other anion channels cause the transient
depolarization in phase 2.
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A drop in photosynthetic CO, assimilation precedes
stomatal closure

Ozone caused an early drop in CO, assimilation that occurred
even before stomarta started to close (Fig. 2b). It is not likely that
photosynthesis was restricted by the stomatal conductance, as
stomata started closing later than CO, assimilation began to
decrease. Instead, the reduced assimilation may be due to a
decreased activity of Rubisco, or damage to photosystem II.
These targets have been identified in experiments with chronic
O; exposure (Calatayud eral, 2003; Morgan eral, 2003;
Goumenaki ez al., 2010; Feng ez al., 2016) and acute O3 stimuli
(up to 500 ppb of O3 for several hours) (Leipner ezal., 2001;
Chen et al,, 2009; Morales ez al., 2021). The observed reduction
in CO, assimilation, in response to 1000 ppb of O3 within 1 min
(Fig. 1d), is remarkably fast and future studies may reveal if this
is caused by the direct damage to photosynthetic apparatus
within such a short timeframe, or possibly by a signal that is
evoked at the plasma membrane and rapidly transmitted to the
chloroplasts. Possibly, the fast increase in the cytosolic Ca** level,
which occurs in seconds after O3 application is sensed by the
chloroplasts. Moreover, further experiments are needed to
address if the fast response in mesophyll CO, assimilation occurs
before, or simultaneously with the earliest responses in guard cells
and if mesophyll cells may forward the Oj signal to the stomata.

Two types of ozone-induced calcium ion signals

Mesophyll cells responded rapidly to O3 at concentrations as low
as 200 ppb (Fig. 3), however concentrations up to 1000 ppb nei-
ther lead to visible damage, nor to a drop in CO, assimilation

New Phytologist (2021) 232: 1692-1702
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5000 ppb O3

Control

Fig. 7 Ozone (O3) pulses of 5000 ppb cause
irreversible damage to 4-wk-old Arabidopsis
plants. (a, b) Impact of a pulse of 3 min of
5000 ppb of O on the stomatal conductance
(a) and CO, uptake rate (b). Results from
one experiment are shown. n=4, error bars
represent SEM. (c) Representative images of
plants subjected to 3 min 5000 ppb O3 and
control plants 72 h after treatment. Scale bar
represents 1 cm.

that would persist for more than a day (Figs 1b, S2a). These O3
doses also cause Ca**-signals in cells that are directly in contact
with O3, but not in the adjacent tissue. In contrast, exposure to
5000 ppb Oj; did lead to cell death and provoked a spreading
response in distant cells, which is characterized by long distance
systemic Ca”"-signals.

Obur results bare similarities to those of Kiep ez al. (2015), who
studied Spodoptera littoralis larvae feeding on Arabidopsis leaves.
Feeding caused a confined calcium rise, as long as the larvae did
not damage the midrib of the leaf (Kiep ezal, 2015). However,
injury of the midrib caused a strong systemic signal that was
linked to a long distance Ca®" wave. These data thus suggest that
plants discriminate between the location and/or strength of stress
stimuli. Stress responses are restricted to local responses, as long
as the stimuli do not provoke cell death. However, strong stress
responses that are linked to cell death are fed forward and initiate
Ca®" waves that travel along the vasculature and spread within
the adjacent mesophyll tissue (Toyota ez al., 2018). Our data thus
show that leaf cells are exceptionally sensitive to stress-related sig-
nals and discriminate between the strength of the stimulus with
local responses at low doses and spreading responses that cause

cell death at a higher dose of O;.
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