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Abstract: Calcite processed particles (CaPPs, Megagreen®) elaborated from sedimentary limestone
rock, and finned by tribomecanic process were found to increase photosynthetic CO2 fixation
grapevines and stimulate growth of various cultured plants. Due to their processing, the CaPPs
present a jagged shape with some invaginations below the micrometer size. We hypothesised that
CaPPs could have a nanoparticle (NP)-like effects on plants. Our data show that CaPPs spontaneously
induced reactive oxygen species (ROS) in liquid medium. These ROS could in turn induce well-known
cellular events such as increase in cytosolic Ca2+, biotic ROS generation and activation of anion
channels indicating that these CaPPs could activate various signalling pathways in a NP-like manner.

Keywords: tobacco; calcium; calcite; reactive oxygen species; ion channels; cellular signalization

1. Introduction

Several minerals have been used in agriculture [1], among which sedimentary rock that emerges
from calcareous seaweed. Megagreen® is a preparation from calcite processed particles (CaPPs),
elaborated from sedimentary limestone rock, which is finned and activated by a tribomecanic process [2].
These processed calcite particles are supposedly small enough to enter the leaf and have a beneficial
effect on plants. The application of CaPPs on grapevines submitted to water stress was shown to
increase photosynthetic CO2 fixation [3]. The benefits of CaPPs once inside the plant were supposed to
be due the decomposition products, CO2 and CaO, that could feed the plant. However, the cellular
responses induced by the CaPPs are poorly understood. Due to the tribomecanic processing, the CaPPs
present jagged shape with some invaginations below the micrometer size (Megagreen® data sheet:
https://dokumen.tips/documents/megagreen-study.html, accessed on 06/04/2020). Nanoparticles (NPs)
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possess a large specific surface area allowing a greater reactivity compared to macrosized particles.
Since the high surface reactivity of NPs is important for their biological effects, we hypothesised that
CaPPs could have NP-like effects on plants.

Recent reviews focused on beneficial applications of nanomaterials in agricultural production [4–8].
NPs notably could induce enhancement in growth and seed yield [9], and participate in crop
protection [4,10]. Although some cerium oxide nanoparticles were shown to augment reactive oxygen
species (ROS) scavenging in Arabidopsis thaliana plants [11], a part of the biological effects of various NPs
is proposed to be due to their ability to produce ROS, possibly due to molecular size, shape, oxidation
status, increased specific surface area, bonded surface species, surface coating, solubility, and degree
of aggregation and agglomeration [12–14]. We effectively showed by using Nicotiana tabacum L. cv.
Bright Yellow 2 (BY-2) cultured cells that TiO2 NPs spontaneously generate ROS in the culture medium,
but also induced a rapid biological ROS production and a ROS-dependent increase in cytosolic calcium
([Ca2+]cyt) [15]. Variations of [Ca2+]cyt serve as secondary messenger involved in many adaptation and
developmental processes in plants [16,17]. Reactive oxygen species also play a key signal transduction
role in plant cells, such as growth regulation, development, responses to environmental stimuli and
cell death [18,19]. However, the response of plants to NPs varies with the growth stages, type of plant
species and the nature of NPs. Thus, they could have positive and negative effects on plants [20].
In this study, we tested the impact of CaPPs on cell viability and further checked if CaPPs as NPs could
induce ROS generation due to their increased specific surface area and carried out an experimental
layout on plant cultured cells to study the impact of CaPPs on variations of [Ca2+]cyt, biological
ROS generation and ion fluxes variations, early cellular responses frequently involved in signalling
processes [21].

2. Results

2.1. Non-Biological ROS Production by CaPPs

We made the hypothesis that CaPPs could have a NP-like effects and could thus generate
ROS independently of living cells. According to this hypothesis, we checked if CaPPs could
induce ROS generation independently of any living cells. We showed by using the Murashige
and Skoog (MS) culture medium that CaPPs spontaneously generate in a dose- and time-dependent
manner ROS production evidenced by chemiluminescence of Cypridina luciferin analogue (CLA)
(Figure 1A,B, Supplemenary Figure S1A). It is noteworthy that, on the contrary to CaPPs, the addition
of dissolved CaCO3 (the main component of CaPPs) at 100 µg.mL−1 in free MS medium did not
induce ROS generation (Supplementary Figure S1B), reducing the likelihood of a chemical effect for
CaPPs and providing a NP-like effect. The CaPP-induced ROS production continues to increase for
about 5 h and decreases slowly after 24 h (Figure 1B). The chemiluminescence of CLA indicates
the generation of superoxide anion (O2

•−), and of singlet oxygen (1O2) to a lesser extent [22].
We then checked the effect of DABCO (1,4-diazabicyclo(2,2,2)octane, a scavenger of 1O2) and tiron
(sodium 4,5-dihydroxybenzene-1,3-disulfonate, a scavenger of O2

•−) on CaPP-induced ROS generation
(Figure 1C,D). Only tiron allowed for a significant decrease of ROS generation. This suggests that CaPPs
induced mainly O2

•− generation in culture medium. Since hydroxyl radical (HO•) could be chemically
generated from O2

•− through Haber–Weiss or Fenton reactions, we further search for HO• generation
by using the specific probe hydroxyphenyl fluorescein (HPF) [23]. A time-dependent increase in HPF
fluorescence could be detected upon treatment with 100 µg.mL−1 CaPPs (Figure 1E). This increase
in HPF fluorescence was decreased by a pretreatment with 100 mM DMTU (Dimethylthiourea),
a scavenger of HO• (Figure 1F) supporting the hypothesis of HO• generation.
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Figure 1. Calcite processed particles (CaPPs)-induced ROS generation in free Murashige and Skoog (MS)
medium. (A). Typical time and dose Cypridina Luminescent Analog (CLA) luminescence recorded in
MS medium free of cells after addition of CaPPs. (B). Mean values of CaPP-induced CLA luminescence.
(C,D). Effect of singlet oxygen scavenger DABCO (5 mM), and superoxide anion scavenger tiron
(20 mM) on CaPP-induced CLA luminescence. The histogram represents the mean values after 20 min.
(E). Time-dependent hydroxyphenyl fluorescein (HPF) fluorescence in response to 100 µg.mL−1 CaPPs.
(F). Effect of hydroxyl radical scavenger DMTU (100 mM) on CaPP-induced HPF fluorescence after
30 min. Data corresponded to mean values ± standard error (SE) of at least 4 independent experiments.
* Significantly different from the water treatment. Data were analyzed by variance analysis (ANOVA)
and when ANOVA gave a statistically significant result, the Newman–Keuls multiple range test was
used to identify which specific pairs of means were different. All numeric differences in the data were
considered significantly different for a p-value ≤ 0.05.

2.2. CaPP Particles Induced Cytosolic Calcium Variation in Tobacco BY-2 Cells

We showed that TiO2 NPs induced a ROS-dependent increase in cytosolic calcium ([Ca2+]cyt) in
BY-2 tobacco cells [15]. ROS were also shown to activate plasma membrane Ca2+ channels in plant



Int. J. Mol. Sci. 2020, 21, 4279 4 of 12

cells [24]. We thus investigated the effect of CaPPs on cytosolic calcium level in BY-2 tobacco cultured
cells expressing the Ca2+-sensitive luminescent protein aequorin in their cytosol [25]. CaPPs induced a
rapid dose-dependent and transient increase in [Ca2+]cyt (Figure 2A,B). Influx of Ca2+ from the apoplast
through plasma membrane was confirmed by using 500 µM La3+, a blocker of Ca2+ channels, and 3 mM
EGTA, a calcium chelator (Figure 2C,D). This Ca2+ influx was dependent on the early CaPP-induced
ROS production since tiron, and DMTU could also reduce the [Ca2+]cyt increase (Figure 2C,D).

Figure 2
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Figure 2. CaPP-induced variations of cytosolic Ca2+ in BY-2 cells. (A). A typical [Ca2+]cyt variations of
aequorin expressing BY-2 cells in response to various concentrations of CaPPs. (B). Mean values of
maximal [Ca2+]cyt increase in response to various concentrations of CaPPs. * Significantly different
from the treatment at 10 µg.mL−1 CaPPs. (C). Effect of calcium (La3+, EGTA) and ROS (tiron and
DMTU) pharmacology on 100 mg.ml−1 CaPPs induced [Ca2+]cyt variations. (D). Mean values of
maximal [Ca2+]cyt increase in response to 100 µg.mL−1 of CaPPs in the presence of calcium and ROS
pharmacology. Controls with pharmacology alone did not affect significantly the basal [Ca2+]cyt (not
shown). Data corresponded to mean values ± SD of at least six independent experiments. * Significantly
different from the treatment at 100 µg.mL−1. Data were analyzed by variance analysis (ANOVA) and
when ANOVA gave a statistically significant result, the Newman–Keuls multiple range test was used
to identify which specific pairs of means were different. All numeric differences in the data were
considered significantly different for a p-value ≤ 0.05.

Variations in [Ca2+]cyt and ROS generation are known to regulate different early events involved
in signal transduction pathways such as ion channel activities and NADPH-oxidase activities induced
in response to various biotic and abiotic stressors [21,26]. We then further checked if such events could
be regulated by CaPPs.
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2.3. CaPPs Induced a NADPH Oxidase-Dependent ROS Production

As expected from the spontaneously CaPP-induced ROS production in MS medium (Figure 1A),
the chemiluminescence of CLA also rapidly increased after addition of 100 µg.mL−1 CaPPs in BY-2 cell
cultures (Figure 3A). From analysis of luminol-chemilumiscence, we further showed that CaPP-induced
ROS generation reached a maximum at about 8 h in BY-2 cultured cells when untreated cells presented
no significant increase in chemilumiscence level during the time of experiments (Figure 3B). This effect
was dose-dependent (Figure 3C). The addition of 50 µM diphenyleneiodonium (DPI), an inhibitor
of NADPH-oxidase [27,28], into BY-2 cell medium diminished the chemilumiscence (Figure 3C).
These data suggest the involvement of plant enzymes such NADPH-oxidase in this ROS production
induced by CaPPs.

Figure 3
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Figure 3. Biological CaPP-induced ROS generation by BY-2 cells. (A). Typical time CLA luminescence
recorded with BY-2 cells after addition of 100 µg.mL−1 CaPPs with or without 20 mM tiron. (B). Kinetic
of biological ROS generation detected with luminol during 14 h after addition of 100 µg.mL−1 CaPPs.
(C). Mean values of maximal ROS increase (at 8h) in response to various CaPPs concentrations (in
mg.mL−1) and in the presence 50 µM diphenyleneiodonium (DPI), an inhibitor of NADPH-oxidase.
Data corresponded to mean values ± SD of at least six independent experiments. * significantly different
from the control. ** Significantly different from the treatment at 200 µg.mL−1 CaPPs. Data were
analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically significant result,
the Newman–Keuls multiple range test was used to identify which specific pairs of means were
different. All numeric differences in the data were considered significantly different for a p-value ≤ 0.05.

2.4. CaPPs Induce a Depolarization of Plasma Membrane Due to Anion Channel Activation

We used an electrophysiological approach to test the effect of CaPPs on membrane potentials and
ion currents of cultured cells. Upon direct addition of CaPPs, we recorded a rapid dose-dependent
depolarization of BY-2 cells (Figure 4A). The depolarization was correlated with a large increase in ion
currents (Figure 4B). Because impalement of a single cells could not be maintained for a long time,
we further analysed the mean plasma membrane potentials and ion currents of BY-2 cell populations
exposed to CaPPs for different amounts of time (Figure 4C,D). The value of the resting membrane
potential (Vm) of control cells (without treatment) was around -25 mV (Figure 4C), in the same range of
previous studies [26,29]. As expected from the direct addition of CaPPs (Figure 4A), cells pretreated
15 min with CaPPs were drastically depolarized (Figure 4C), but these depolarizations were transient
and the cell polarizations were partly recovered for cells pretreated during 45 min (Figure 4C).
These membrane potential variations were correlated with a transient increase in ion currents
(Figure 4B,D) presenting the main hallmarks of anion current as previously characterized [26,29–31].
This type of current was shown to be sensitive to structurally unrelated anion channel inhibitors [26,29].
Accordingly, the increases in ion currents and the depolarizations after 15 min CaPPs pretreatment
were effectively partly avoided upon pretreatment with 200 µM of glibenclamide (gli) or 9-anthracen
carboxylic acid (9AC), two structurally unrelated anion channel blockers (Figure 4D), confirming
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the anionic nature of these currents. These currents present the features of slow anion channels [32],
but a part of the instantaneous current could be carried out by fast-activating anion channels [33].
However, these data show that increase in anion currents could be part of the early CaPP-induced
signaling events.

Figure 4
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Figure 4. CaPP-induced depolarization and anion current increase in BY-2 cells. (A). Typical
depolarizations of BY-2 cell observed in response to CaPPs at 50 or 100 µg.mL−1 and mean values of
depolarizations. (B). Whole currents measured under control conditions and 5 min after addition of
100 µg.mL−1 CaPPs. The protocol was as illustrated, holding potential (Vh) was Vm. Corresponding
current-voltage relationships at 1.8 s. (C). Mean values of polarizations for BY-2 cells treated during
different times with 100 µg.mL−1 CaPPs and mean values of polarizations for BY-2 cells treated 15 min
with 100 µg.mL−1 CaPPs in the presence of 200 µM glibenclamide (gli) or 200 µM 9-antharcen carboxylic
acid (9AC), two unrelated anion channel inhibitors. (D). Mean values of anion currents for BY-2
cells treated during different times with 100 µg.mL−1 CaPPs and mean values of anion currents for
BY-2 cells treated 15 min with 100 µg.mL−1 CaPPs in the presence of 200 µM gli or 200 µM 9AC.
Currents were recorded at −200 mV and 1.8 s of voltage clamp. Control values corresponded to the
value before CaPPs addition. Data corresponded to mean values ± SD of at least six independent
experiments. * Significantly different from the control. ** Significantly different from the treatment
at 15 min. Data were analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically
significant result, the Newman–Keuls multiple range test was used to identify which specific pairs of
means were different. All numeric differences in the data were considered significantly different for a
p-value ≤ 0.05.

2.5. CaPPs Toxicity?

Nanoparticles were shown to induce cell death in various models [6,13,34]. We thus checked if
CaPPs could induce death of BY-2 cells. No increase in cell death was observed in BY-2 cultured cells,
even after 24 h of treatment (Figure 5A). We further checked if these CaPPs could have an impact on
BY-2 cell culture growth. As expected from the data of cell death, addition of CaPPs in the culture
medium of BY-2 cells for 7 days has no impact on the culture cell growth (Figure 5B).
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Figure 5. CaPPs cytotoxicity in BY-2 cultured cells. (A). Cell death extent in BY-2 cultured cells detected
by the Evans Blue staining after 6 or 24h of treatment with various concentrations of CaPPs. (B). BY-2
cultured cell growth during 7 days in the presence or not of 200 µg.mL−1 CaPPs. The data corresponded
to means of at least 4 independent replicates and error bars corresponded to SE.

3. Discussion

The CaPPs application has been shown to be beneficial on several crops such as olive trees, maize,
strawberry and lettuce, especially under drought conditions (technical data sheet for Megagreen®:
https://dokumen.tips/documents/megagreen-study.html, accessed on 06/04/2020). The benefits of
CaPPs once inside the leaves was attributed to the decomposition products CO2 and CaO that could
feed the plant. CaPPs application on grapevines subjected to water stress was shown to increase
photosynthetic CO2 fixation [3]. The CaPPs penetrating directly into the leaves are supposed to increase
CO2 saturation in the leave leading to stomatal closure and therefore a reduction in evapotranspiration
a reduction of photorespiration in favor of photosynthesis [3]. Spray of CaO were also shown to correct
Ca2+ deficiency in groundnut [35] although the mean levels of Ca2+ were not statistically different
between CaPP-treated and untreated vines [36]. However, due to the size distribution of these CaPPs
ranging from the nano- to the microparticle (0.1 to 20 µm), we hypothesized NP-like effects of CaPPs at
the cellular level. By using nonphotosynthetic BY-2 cultured plant cells, we could discriminate the
effects of NPs from already-reported effects on photosynthetic activity.

Our data showed that CaPPs induce ROS generation independently of any living cells. This ROS
production is dose- and time-dependent and seemed to be mainly due to O2

•− (detected by CLA and
scavenged by tiron) and subsequently HO• (detected by HPF and scavenged by DMTU) through
Haber–Weiss or Fenton reactions after the dismutation of O2

•− into H2O2. These data correlate with
previous one indicating that NPs from different nature can produce ROS due to their increased specific
surface area [12–14].

Our pharmacological data with ROS scavengers show that these CaPP-induced ROS could be
responsible in BY-2 cells for the induction of well-known cellular events involved in the signalling
process, such as calcium influx through plasma membrane Ca2+ channels, subsequent NADPH-oxidase
stimulation and anion channel activation. The NADPH-oxidase stimulation and anion channel
activations could also be recorded in response to CaPPs in A. thaliana cultured cells (Supplementary
Figure S2). ROS generation and the cytosolic calcium increase are reminiscent with what was
observed in response to TiO2 NPs in BY-2 cells [15], or in response to ZnO NPs in Salicornia [37],
but also in responses to O3, another oxidative stress [38], on tobacco cells [39] and A. thaliana cultured
cells [21,40–42]. Less data are available on the effect of NPs on ion channel regulation especially in
plants, but it is noticeable that polystyrene NPs could activate CFTR-Cl− channels in hamster kidney
cells [43] and O3 anion currents in A. thaliana cells [21].

Although CaPPs do not seem to be toxic for BY-2 cells, such signalling events are frequently
related to the induction of programmed cell death (PCD) [21,26,29]. Effectively we could observe in
A. thaliana cells after addition of CaPPs an increase in cell death slowing the whole suspension growth
(Supplementary Figure S3). Toxic effects of nanoparticles were already observed in response to various
NPs such as ZnONPs or AgNPs in algae [44,45] or CuONPs, SiNPs and single-wall carbon nanotubes

https://dokumen.tips/documents/megagreen-study.html
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on a terrestrial model [34,46,47], sometimes due to the PCD process [34]. In A. thaliana, cell death was
dependent on transcription and translation (Figure S3), effectively suggesting an active process, thus a
PCD. The discrepancy observed in terms of cell death between the two cultured cell lines, since there
was no record of cell death or the slowing of suspension cell growth for BY-2 cells, which could be
explained by a difference in sensitivity. Effectively, carbon nanotubes were shown to induce the growth
enhancement of tobacco cells [48] when they induce PCD in A. thaliana and rice [14,34]. However,
the CaPP-induced PCD in A. thaliana cells could be reduced by the ROS scavengers DMTU and tiron,
the blockers of Ca2+ influx, BAPTA and La3+ and the anion channel blockers 9AC and glibenclamide
(Supplementary Figure S3). These data support the hypothesis that the CaPP-induced ROS generation
induces the signaling pathways leading to the PCD process. It is also noteworthy that these cellular
events are also involved in stomatal aperture regulation [49]. We could further confirm the decrease
of stomatal aperture 30 min after application of 50 µM CaPPs on the epidermis A. thaliana leaves
(Supplementary Figure S4). Thus, the CaPP-induced stomatal closure could be due to not only an
increase in CO2 saturation of the leaves [3], but also to the CaPP-induced ROS generation.

In summary, our study shows that CaPPs could have, in addition to its known effects on
photosynthesis [3], NP-like effects due to their size distribution. The abiotic ROS generation induced
by these CaPPs could induce cellular events that could be involved in various signaling pathways.
More studies, particularly with different species, will be needed to clarify the possible outputs of these
signaling pathways.

4. Materials and Methods

4.1. CaPP Particles

Megagreen® is composed of calcite processed particles (CaPPs) elaborated from sedimentary
limestones rock, which is finned and activated by tribomecanic process (European Patent N◦

WO/2000/064586). These CaPPs present a distribution ranging from the nano- to the microparticle
(0.1 to 20 µm). The chemical composition of CaPPs is: total calcium carbonate 823.0 g·kg−1; SiO2

85.2 g kg−1; MgO 30.2 g·kg−1; Fe 8.78 g·kg−1, and other trace elements. CaPPs were diluted in distilled
water and pH adjusted to 5.8 with HCl.

4.2. Plant Cell Culture Conditions

Nicotiana tabacum BY-2 cultured cells were grown in Murashige and Skoog medium
(MS medium) [50] complemented with 30 g.L−1 sucrose, 0.1 mg.L−1 2,4 D (pH 5.8) and maintained by
weekly dilution (2/80). The cell culture was agitated on a rotary shaker at 120 rpm at 22 ± 2 ◦C in the
dark. Such cells are white and nonphotosynthetic. All experiments were performed at 22 ± 2 ◦C using
the cells in log-phase (6 days after subculturing).

Cell growth was estimated for by recording each day after subculture the fresh weight of cells
contained in 50 mL of culture for BY-2 cell cultures.

4.3. Monitoring of ROS Production

The production of ROS was monitored using different techniques and probes. The chemiluminescence
of the Cypridina luciferin analog (CLA) react mainly with O2

•− and 1O2 with light emission [22].
Chemiluminescence from CLA was monitored using a FB12-Berthold luminometer (with a signal
integrating time of 0.2 s). For data analysis, the luminescence ratio (L/Lbasal) was calculated by
dividing the luminescence intensities of CLA-luminescence (L) with the luminescence intensity before
treatment (Lbasal). Hydroxy radicals (HO•) formation was also checked using the specific probe
hydroxyphenyl fluorescein (HPF) [23]. Briefly, HPF was added to 1 mL of MS medium to a final
concentration of 10 µM at different times after the addition of 100 mg.mL−1 of CaPPs. The fluorescence
increase was monitored at 515 nm after an excitation at 490 nm using a F-2000 spectrofluorimeter
(Hitachi, Tokyo, Japan).
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For biological production of ROS, we used the chemiluminescence of luminol [51], which is
dependent on the activity of cell-derived peroxidase. Briefly, 6 mL of the cultured cells were inoculated
with CaPPs. Before each measurement, 200 µL of the cell culture was added prior to the addition of
5 µL luminol (1.1 mM). Chemiluminescence measurements were carried out at 30 min intervals using
a FB12-Berthold luminometer (signal integrating time 0.2 s).

4.4. Aequorin Luminescence Measurements

Cytoplasmic Ca2+ variations were recorded from BY-2 cultured cells expressing the apoaequorin
gene [25]. For Ca2+ measurement, aequorin was reconstituted by an overnight incubation of the
cell cultures in MS medium supplemented with 2.5 µM native coelenterazine. Cell culture aliquots
(450 µL in MS medium) were transferred carefully to a luminometer glass tube and luminescence was
recorded continuously at 0.2 s intervals using a FB12-Berthold luminometer (Berthold Technologies,
Bad Wildbad, Germany). Treatments were performed by 50 µL injections containing the CaPPs. At the
end of each experiment, residual aequorin was discharged by addition of 500 µL of a 1M CaCl2 solution
dissolved in 100% methanol. The resulting luminescence was used to estimate the total amount of
aequorin in each experiment. Calibration of the calcium measurement was performed using the
equation: pCa = 0.332588(−logk) +5.5593, where k is a rate constant equal to luminescence counts per
second divided by total remaining counts [25]. To test the effects of each different pharmacological
treatment, BY-2 cells were pretreated for 15 min before the application of CaPPs.

4.5. Electrophysiology

Experiments were conducted on BY-2 cells maintained in their culture medium to limit stress
(main ions in MS medium 28 mM NO3

− and 16 mM K+) [26]. Individual cells were immobilized
by a microfunnel (approximately 30 to 80 µm outer diameter and controlled by a micromanipulator
(WR6-1, Narishige, Tokyo, Japan). Impalement were carried out with a piezoelectric micromanipulator
(PCS-5000, Burleigh Inst., New York, NY, USA) in a chamber (500 µL) made of Perspex. Voltage-clamp
measurements of whole-cell currents from intact BY-2 cells presenting stable running membrane
potential were carried out at room temperature (20–22 ◦C) using the technique of the discontinuous
single voltage-clamp microelectrode [52] adapted to plant cells [40,53]. Microelectrodes were made
from borosilicate capillary glass (Clark GC 150F, Clark Electromedical, Pangbourne Reading, UK)
pulled on a vertical puller (Narishige PEII, Tokyo, Japan). Their tips were less than 1 µm diameter;
they were filled with 600 mM KCl, and had electrical resistances between 20 and 50 MΩ with the
culture medium. Specific software (pCLAMP 8) drives the voltage clamp amplifier (Axoclamp 2A,
Molecular Devices, Sunnyvale, CAL, USA). Voltage and current were digitalised with a Digidata
1322A (Molecular Devices, Sunnyvale, CAL, USA). In whole-cell current measurements the membrane
potential was held to the value of the resting membrane potential. Current recordings were obtained
by hyperpolarizing pulses from −200 to +80 mV (20 mV, 2 s steps of current injection, 6s of settling
time). We systematically checked that cells were correctly clamped by comparing the protocol voltage
values with those really imposed. Only microelectrodes presenting a linear relationship were used.

4.6. Cell Viability Assays

Cell viability was checked using the vital dye, Evans Blue. Cells (50 µL) were incubated for
5 min in 1 mL phosphate buffer pH 7 supplemented with Evans blue to a final concentration of
0.005%.21 Cells that accumulated Evans blue were considered dead. At least 1000 cells were counted
for each independent treatment. The experiment was repeated at least 4 times for each condition.

4.7. Statistical Analysis

Data were analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically
significant result, the Newman–Keuls multiple range test was used to identify which specific pairs of
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means were different. All numeric differences in the data were considered significantly different for a
p-value ≤ 0.05.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/12/4279/
s1. Figure S1. A. Mean values of CaPP-induced CLA luminescence B. Comparison of CaPP- and CaCO3-induced
ROS generation in free MS medium. Figure S2: A. Kinetic of biological ROS generation detected with luminol
during 7 h after addition of 100 µg.mL−1 CaPPs. B. Mean values of polarizations for A. thaliana cells treated
during different times with 100 µg.mL−1 CaPPs and mean values of polarizations for A. thaliana cells treated
15 min with 100 µg.mL−1 CaPPs in presence of 200 µM glibenclamide (gli) or 200 µM 9-antharcen carboxylic
acid (9AC), two unrelated anion channel inhibitors. Figure S3: A. Dose-dependent cell death reaching about 50%
of the Arabidopsis thaliana cell population was observed after 6 h after treatment with 200 µg. mL−1 CaPPs. B.
Decrease of the culture growth induced by 200 µg. mL−1 CaPPs. C. Decrease of cell death extent by pretreatments
with actinomycin D (AD, 20 µg/mL), cycloheximide (Chx, 20 µg/mL), inhibitors of traduction and translation,
ROS scavengers Tiron (5 mM) and DMTU (100 mM), Ca2+ channel blocker La3+ (500 µM), Ca2+ chelator, BAPTA
(3 mM), and anion channel blockers, glibenclamide (gli 200 µM) and 9AC (200 µM). For each pretreatment, cells
were incubated for 15 min before CaPPs treatment. Figure S4: Applications of 100 µg mL−1 CaPPs reduce the
stomatal aperture of A. thaliana leaves. Figure S4: Applications of 100 µg.mL−1 CaPPs reduce the stomatal aperture
of A. thaliana leaves. In presence of 3 mM EGTA, the CaPPs-induced stomatal closure was reduced.
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