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Stomatal guard cells are unique in that they have more mitochondria than chloroplasts. Several reports
emphasized the importance of mitochondria as the major energy source during stomatal opening. We
re-examined their role during stomatal closure. The marked sensitivity of stomata to both menadione (MD) and
methyl viologen (MV) demonstrated that both mitochondria and chloroplasts helped to promote stomatal
closure in Arabidopsis. As in the case of abscisic acid (ABA), a plant stress hormone, MD and MV induced
stomatal closure at micromolar concentration. All three compounds generated superoxide and H2O2, as
indicated by fluorescence probes, BES-So-AM and CM-H2DCFDA, respectively. Results from tiron (a
superoxide scavenger) and catalase (an H2O2 scavenger) confirmed that both the superoxide and H2O2 were
requisites for stomatal closure. Co-localization of the superoxide and H2O2 in mitochondria and chloroplasts
using fluorescent probes revealed that exposure to MV initially triggered higher superoxide and H2O2 gen-
eration in mitochondria. In contrast, MD elevated superoxide/H2O2 levels in chloroplasts. However, with
prolonged exposure, MD and MV induced ROS production in other organelles. We conclude that ROS
production in mitochondria and chloroplasts leads to stomatal closure. We propose that stomatal guard cells
can be good models for examining inter-organellar interactions.

Keywords. Co-localization; H2O2; organelles; reactive oxygen species; superoxide; signaling components

1. Introduction

Plants deploy diverse mechanisms to meet the chal-
lenges of abiotic or biotic stress (Ashapkin et al. 2020;
Saharan et al. 2022; Munns and Millar 2023). Stomatal
closure is one such step to limit transpiration and
conserve water, besides preventing microbial pathogen
entry into leaves. Guard cells sense and respond to
environmental cues (Qi et al. 2018; Yang et al. 2020).
Stomata open as guard cells become turgid, and close
when they are flaccid. The influx of ions followed by

water entry into the guard cells makes them turgid,
whereas the efflux of ions followed by water makes
guard cells flaccid (Daloso et al. 2017; Agurla et al.
2018).
Because of its importance, stomatal closure was

extensively studied in situ and ex situ, using plant
hormones or microbial elicitors. Abscisic acid (ABA, a
plant hormone) induced stomatal closure, and its clo-
sure mechanisms were extensively studied (Agurla
et al. 2018; Hedrich and Shabala 2018; Liu et al.
2022). Guard cell signaling components, such as pro-
tein phosphatase 2C (PP2C), SnRK 2.6 (OST1) kinase,
reactive oxygen species (ROS), nitric oxide (NO), and
Ca2?, played crucial roles in ABA-induced stomatal
closure (Bharath et al. 2021; Lim et al. 2022a; Liu
et al. 2022).
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Guard cells have bio-energetically active chloroplasts
and mitochondria to supply sufficient energy. The rela-
tively high number of mitochondria over chloroplasts
suggests the dominance of oxidative phosphorylation as
the energy source for stomatal opening (Parvathi and
Raghavendra 1995; Willmer and Fricker 1996). In con-
trast, the photosynthetic capacity of guard cells is limited
as Rubisco and photosystem II components are quite low.
Although the importance of mitochondria or chloroplasts
for stomatal opening was emphasized, the role of these
organelles during closure was not clear (Raghavendra
1981; Vani and Raghavendra 1989; Vavasseur and
Raghavendra 2005; Lim et al. 2022b). Stress conditions
such as heat, light, and drought often target both mito-
chondria and chloroplasts, impair their redox balance, and
produce excess ROS inside the cells. Altered redox status
and elevated ROS could activate a series of events lead-
ing to plant adaptation (Suzuki et al. 2012; Li and Kim
2021; Suzuki 2023). Thus, modulation of mitochondrial
or chloroplast function could be significant for stomatal
closure, but evidence is lacking.
Menadione (MD) and methyl viologen (MV) mod-

ulated mitochondrial and chloroplastic electron trans-
port. MD blocked electron transport between complex I
and II and caused superoxide generation in mitochon-
dria (Obata et al. 2011; Aswani et al. 2019). On the
other hand, MV produced superoxide in chloroplasts in
a light-dependent manner (Aswani et al. 2019; Cui
et al. 2019). Both MD and MV were used to create
oxidative stress in tobacco protoplasts (Sun et al.
1999), Triticum turgidum roots (Livanos et al. 2012),
and Arabidopsis leaves (Wang et al. 2019; Sipari et al.
2020). In a combined study, MD and MV helped
induce oxidative stress in mitochondria or chloroplasts
in pea and Arabidopsis leaves (Aswani et al. 2019;
Bapatla et al. 2021). Unlike the extensive studies on
other plant tissues, studies on stomatal response to MV
or MD are very few (McAinsh et al. 1996).
The importance of mitochondria and chloroplasts

during stomatal movement was expected, but the
detailed mechanism during closure was not studied.
Within guard cells, like in other plant cells, ROS pro-
duction could occur in mitochondria, chloroplasts, and
peroxisomes (Sierla et al. 2016; Postiglione and Muday
2020, 2023). We assessed the importance of mito-
chondria and chloroplasts during ABA-induced stom-
atal closure. Since stomatal closure invariably involved
ROS generation as an early step, we chose to examine
the levels of ROS on exposure to MD and MV. Both
superoxide and H2O2 could contribute to cellular ROS.
Our studies, therefore, paid particular attention to
superoxide and H2O2 levels in guard cells.

We employed MD and MV to (i) study the essen-
tiality of mitochondria and chloroplasts of guard cells
to drive stomatal closure; (ii) examine the involvement
of superoxide and H2O2, and finally (iii) monitor the
real-time production and quantification of the super-
oxide and H2O2 in subcellular compartments of guard
cells. These signaling events, including ROS (super-
oxide and H2O2) generation in guard cells, were
compared with the effects of ABA, a plant hormone
that typically induced stomatal closure. Exposure to
MD or MV (which target mitochondria or chloroplasts,
respectively) made the stomata close. The fluorescent
probes demonstrated a rise in the levels of superoxide
and then H2O2 of guard cells. However, ROS (the
superoxide and subsequently H2O2) were not limited to
a single organelle but spread to other organelles. MD
stimulated ROS production in mitochondria and
chloroplasts, whereas MV targeted chloroplasts and
then mitochondria in guard cells of Arabidopsis. Our
results emphasized the importance of both mitochon-
dria and chloroplasts in increasing guard cell ROS
levels and inducing stomatal closure.

2. Materials and methods

2.1 Plant material

Arabidopsis thaliana wild-type (Col-0) or mutants
seeds were soaked in NaOCl-Tween20 solution, ger-
minated in pots containing pre-mixed soilrite (Keltech
Energies, Bangalore), and left in the dark for 3 days at
48C. Seedlings were transplanted into individual pots
and were grown in an environment-regulated growth
room with 8 h light/16 h dark photoperiod at 22±1�C.
Plants were supplied with a medium containing Mur-
ashige and Skoog plant salt mixture with CaCl2 (4.3
g/L) once in 3 days, alternating with tap water once in 3
days. Mutants csd1/3 (CS2103503), fsd3 (CS886860),
and msd1 (SALK_203190C) were obtained from
ABRC, USA.

2.2 Chemicals

Menadione (analytical standard), methyl viologen
(1,10-dimethyl-4,40-bipyridinium dichloride), ABA,
tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid),
diphenyleneiodonium chloride (DPI), salicyl hydrox-
amic acid (SHAM), and catalase were from Sigma-
Aldrich (St Louis, MO, USA). Among the fluorescent
probes, BES-So-AM was from Wako Pure Chemicals
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Industries (Osaka, Japan), whereas MitoSOXTM,
MitoTrackerTM Red CMXRos, and 20,70-dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA) were from
Invitrogen (USA). All other chemicals were from
within India and were of analytical grade.

2.3 Stomatal bioassay

Stomatal closure in the abaxial epidermis was deter-
mined as earlier (Munemasa et al. 2007; Agurla et al.
2017). Leaves from 5- to 6-week-old plants were kept
on 10 mM MES-KOH, pH 6.15, with 50 mM KCl and
50 lM CaCl2, in 3 h light (200–250 lE m-2 s-1) and
at 25±1�C to open the stomata. Leaves were treated
with test chemicals or modulators and left under light
for 2.5 h. The modulators were applied 20 min before
the test compounds. At the end of treatment, the epi-
dermis was attached to a coverslip with Telesis 8
(Premiere Products Inc., Pacoima, CA, USA). The
mesophyll was removed (by forceps), and the epider-
mis was flushed with water. Epidermal images were
captured under a research microscope (Olympus
CX21). The width of apertures was determined by a
pre-calibrated image analysis system ProgRes� Cap-
turePro 2.7.

2.4 Monitoring superoxide and H2O2

Guard cell superoxide levels were monitored by BES-So-
AM (Gémes et al. 2016) with minor modifications, while
H2O2 levels were monitored by CM-H2DCFDA (Mune-
masa et al. 2007). After the stomata were open, the

epidermis (ahering to the cover slip) was incubated with
30 lM BES-So-AM for 1 h or with 20 lM CM-H2-

DCFDA (20 min). The epidermis was rinsed twice with
an incubation buffer to remove the external dye. The
strips with fluorescent dye were treated with test com-
pounds or modulators for 20 min. They were examined
under a confocal laser microscope (Carl-Zeiss LSM880)
or fluorescence microscope Nikon TE200 (excitation 488
nm/emission 510–530 nm). For quantification of super-
oxide/H2O2 levels, the mean fluorescence of at least 30
guard cells was measured using ImageJ software (imagej.
nih.gov) for each treatment. The fluorescence was first
normalized with the background, and the fluorescence
intensity (in pixels) of the treated samples was compared
with that of the control.

2.5 Co-localization of superoxide or H2O2

in subcellular compartments

Superoxide levels in subcellular organelles were eval-
uated by treating the epidermis with 30 lM BES-So-
AM for 1 h in the dark, followed by washing and re-
incubation with 5 lM MitoSOXTM mitochondrial
superoxide indicator for 20 min with or without test
compounds. For co-localization of H2O2, strips were
first incubated with 20 lM CM-H2DCFDA for 20 min
followed by 1 lMMitoTrackerTM Red CMXRos for 20
min. The best emission spectra for each probe were
ensured before co-localization studies. Later each sig-
nal was unmixed to evaluate the particular site and also
shown as a superimposed image. BES-So-AM or CM-
H2DCFDA signals were evaluated for co-localization

Figure 1. ABA or menadione (MD) or methyl viologen (MV) induced significant stomatal closure (***p\0.001) in the
abaxial epidermis of Arabidopsis thaliana in a concentration-dependent manner. Concentrations of 10 lM were chosen for
ABA and MD and 5 lM for MV for further experiments.
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with chlorophyll autofluorescence or that of Mito-
SOXTM/MitoTrackerTM. Samples were analyzed using
the Zeiss Zen co-localization module to derive the
Pearson correlation coefficient based on co-localization
scatter plots. Pearson correlation values were consid-
ered one of the best quantifying co-localization patterns
(Zinchuk et al. 2007; Adler and Parmryd 2010). Values
above 0 and up to 1 were taken as positive correlations.

2.6 Superoxide dismutase (SOD) activity

About 100 mg of untreated (control) leaf samples were
ground in liquid N2 with 50 mM sodium phosphate
buffer (pH 7.8). The homogenate was cleared by cen-
trifugation at 12000g for 10 min at 4�C. SOD activity
was determined in the supernatant (Beyer and Fri-
dovich 1987; Bapatla et al. 2021).

Figure 2. The patterns of superoxide levels in guard cells of Arabidopsis thaliana during stomatal closure by 10 lM ABA,
10 lM MD, and 5 lM MV, as revealed by confocal images of BES-So-AM (a superoxide specific fluorescence dye) (A).
Compared with the control, maximum fluorescence intensity was with MD (***p\0.001) followed by MV (***p\0.001) but
it was less significant in the case of ABA (*p\0.05) (B). Scale bar = 5 lm.

Figure 3. Patterns of H2O2 in guard cells of Arabidopsis thaliana during stomatal closure by 10 lM ABA, 10 lM MD, and
5 lM MV, as revealed by confocal images of CM-H2DCFDA (a H2O2-specific fluorescence dye) (A). Marked increase in the
level of H2O2 in guard cells was observed in ABA-, MD-, or MV-treated guard cells (***p\0.001) (B). Scale bar = 5 lm.
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2.7 Replications and statistics

Stomatal bioassay and fluorescence measurements
were from at least 30 guard cells each time. Averages
of three to four independent experiments on separate
days were considered for analysis. The significance
was checked by one-way ANOVA. The p-value of
\0.05 or less indicated significance. Graphs and sta-
tistical analysis were made using SigmaPlot 12.0.

3. Results

3.1 MD- and MV-induced stomatal closure
compared to ABA

The effect of MD and MV on stomatal closure was
assessed at varying concentrations. The plant stress
hormone ABA was included as a positive control for
comparison. All three compounds, ABA, MD, and MV,

Figure 4. Reversal of ABA-, MD-, or MV-induced stomatal closure by tiron, a superoxide scavenger (A) or catalase, a
H2O2 scavenger (B). Both tiron and catalase significantly reversed stomatal closure by MD or MVor ABA (***p\0.001), but
the extent of reversal was partial in the presence of ABA.

Figure 5. The activity of SOD in leaves of Arabidopsis on treatment with of ABA or MD or MV which increased
marginally in response to ABA/MD (*p\0.05) or MV (A). Stomatal closure in SOD-deficient mutants in response to ABA or
MD or MV (B). The mutants used were csd1/3 (deficient in cytosolic Cu/Zn SOD1/extracellular Cu/Zn SOD3), fsd3
(deficient in chloroplastic Fe SOD3), and msd1 (deficient in mitochondrial Mn SOD1). Closure by ABA was significant
(***p\0.001) in all three mutant, but closures by MD and MV were not significant in msd1 and fsd3, respectively.
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induced stomatal closure at micromolar concentrations
(figure 1). However, the extent of closure by MD or
MV was not as pronounced as with ABA. Concentra-
tions of 10 lM ABA, 10 lM MD, and 5 lM MV were
used for further experiments.

3.2 Superoxide and H2O2 of guard cells increased
during stomatal closure by MD or MV

There was a marked increase in ROS (superoxide and
H2O2) levels of guard cells when treated with ABA,
MD or MV as visualized by superoxide or H2O2-
specific fluorescent probes, BES-So-AM or CM-H2-

DCFDA, respectively (figures 2A and 3A). The extent
of superoxide generation indicated by BES-So-AM
was 2- to 3-fold higher over the control in response to

MD/MV/ABA (figure 2B). Similarly, H2O2 levels, as
indicated by CM-H2DCFDA, were raised by 2.5- to
3-fold over the control when exposed to MD/MV/ABA
(figure 3B). The use of scavengers confirmed the
essentiality of superoxide and H2O2. Stomatal closure
by either MD or MV was prevented by tiron (a
superoxide scavenger), whereas the closure by ABA
was not attenuated much (figure 4A). Catalase, a well-
known scavenger of H2O2, reversed the stomatal clo-
sure induced by MD, MV, or ABA (figure 4B).
The superoxide gets converted to H2O2 by endo-

genous superoxide dismutase (SOD). ABA or MD
enhanced SOD activity in leaves, much more potently
than MV (figure 5A). Mutants that lacked SOD in each
of these compartments were used to understand the role
of SODs. Stomatal closure by MD or MV was disabled
in msd1 (deficient in mitochondrial Mn SOD1) or fsd3

Figure 6. Co-localization of superoxide in mitochondria and chloroplasts of guard cells in response to 10 lM ABA (A–C).
(A) Confocal Z-stack images of chlorophyll autofluorescence (red), superoxide specific BES-So-AM fluorescence (green),
MitoSOX Red fluorescence (magenta) targeting mitochondrial superoxide, and the merged image. The lower panel represents
scatterplots obtained from ZEN colocalization module. BES-So-AM green fluorescence against chlorophyll autofluorescence
reflected colocalization of superoxide in chloroplasts (B); and BES-So-AM green fluorescence against MitoSOX Red
fluorescence (magenta) showed co-localization of superoxide in mitochondria (C).
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(deficient in chloroplastic Fe SOD3) mutants, respec-
tively (figure 5B). In contrast, there was no change in
the closure response in the csd1/3 double mutant (de-
ficient in cytosolic Cu/Zn SOD1 and extracellular Cu/
Zn SOD3). However, stomatal closure by ABA was
partially recovered in msd1 mutants.

3.3 Intracellular location of superoxide and H2O2

in guard cells

We attempted to assess the localization of superoxide
and H2O2 in mitochondria and chloroplasts on exposure
to MD/MV/ABA. The relative superoxide/H2O2 gener-
ation was expressed as Pearson correlation coefficients.
The value of 1 reflects complete (100%) co-localization,
while 0 indicates no co-localization (Zinchuk et al.
2007; Adler and Parmryd 2010). When the superoxide
was monitored in the presence of ABA, the correlation
coefficients were 0.1 for mitochondria and 0.02 for

chloroplasts (figure 6). When treated with MD, the
correlation coefficient for the superoxide location was
0.13 for mitochondria and 0.1 for chloroplasts (figure 7).
However, in the case of MV, the superoxide production
in chloroplasts in terms of correlation coefficient was
0.19, whereas in mitochondria, it was 0.12 (figure 8).
The levels of H2O2 were much higher than those of
superoxide, as indicated by the correlation coefficients.
H2O2 levels were all greater in mitochondria than in
chloroplasts, irrespective of exposure to ABA, MD, or
MV. The correlation coefficients of H2O2 production by
ABA were 0.28 for mitochondria and 0.02 for chloro-
plasts (figure 9). In the case of MD, the values for H2O2

generated in mitochondria and chloroplasts were 0.41
and 0.16, respectively (figure 10). However, the H2O2

level in response to MV for mitochondria was 0.26, and
for chloroplasts, 0.2 (figure 11). In summary, correlation
coefficient values indicated the predominant localization
of superoxide or H2O2 in mitochondria, compared with
chloroplasts (table 1).

Figure 7. Co-localization of superoxide in mitochondria and chloroplasts of guard cells in response to 10 lM Menadione
(A–C). Further details related to Z-stack images of guard cells and scatter plots are as those in figure 6.
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4. Discussion

4.1 Disruption of either mitochondrial
or chloroplastic function led to stomatal closure

Two significant sources of energy in plant cells are
mitochondria and chloroplasts. Compared with leaf
mesophyll cells, guard cells had a greater number of
mitochondria than chloroplasts (Parvathi and Raghaven-
dra 1995; Willmer and Fricker 1996; Santelia and Law-
son 2016; Daloso et al. 2017). Similarly, guard cell
chloroplasts differed from mesophyll in their PSI rich-
ness, while PSII and Rubisco were deficient (Reckmann
et al. 1990; Lawson 2009; Lawson et al. 2014). Unfa-
vorable conditions created an imbalance in the electron
transport within these organelles, raised ROS levels, and
caused oxidative damage (Suzuki et al. 2012; Li and Kim
2021). There had been an emphasis on the role of mito-
chondria and chloroplasts in guard cells, mainly con-
cerning energetic or metabolite needs for stomatal

opening (Vavasseur and Raghavendra 2005). The present
study emphasized the importance of mitochondria and
chloroplasts to sustain stomatal closure employing MD
and MV. These two bioenergetic inhibitors interfere with
electron transport in these two organelles.
Earlier reports on MV effects on stomata were

ambiguous, since MV induced stomatal closure while
inhibiting stomatal opening (McAinsh et al. 1996).
Similarly, MV stimulated superoxide production in
guard cells of Alocasia macrorhiza and pea (Samuilov
et al. 2006; Lin et al. 2009). Menadione too accelerated
H2O2 production and suppressed guard cell apoptosis
(Samuilov et al. 2006). We could not find any report of
using MD as the oxidant to modulate stomatal closure.
However, our work illustrated that MD and MV could
induce stomatal closure at very low (micromolar)
concentrations, similar to ABA. Further, the closure by
MD and MV was due to the significant increase in
superoxide and H2O2 levels of guard cells, a phe-
nomenon quite similar to the effects of ABA.

Figure 8. Co-localization of superoxide in mitochondria and chloroplasts of guard cells in response to 5 lM methyl
viologen (A–C). Further details related to Z-stack images of guard cells and scatter plots are as those in figure 6.
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4.2 Both superoxide and H2O2 of guard cells were
essential for stomatal closure

The rise in ROS was invariably a pivotal component of
stomatal closure induced by ABA and other hormones
such as methyl jasmonate (MJ) and salicylic acid (SA).
Elevated ROS triggered in response to stress factors,
such as drought and pathogen attack, activated other
downstream components, all leading to closure of
stomata. The events during stomatal closure have been
periodically reviewed (Arnaud and Hwang 2015; Liu
et al. 2022; Reis et al. 2022; Rodrigues and Shan,
2022). The involvement of superoxide or H2O2 could
be confirmed using scavengers, tiron, or catalase.
Superoxide radicals were produced when stomatal
closure was induced in Vicia faba. The presence of
tiron (a scavenger) suppressed the superoxide-based
chemiluminescence caused by SA (Mori et al. 2001).

Similar to their results, the ineffectiveness of MD or
MV in inducing stomatal closure when tiron was pre-
sent in the system indicated the essentiality of the
superoxide. Additionally, applying tiron effectively
limited superoxide production by MD or MV in Pisum
sativum leaves (Bapatla et al. 2021).
Interestingly, on exposure, MD-mediated ROS pro-

duction was initiated in mitochondria and involved
chloroplasts, while MV enhanced ROS levels initiated in
both mitochondria and chloroplasts (Lehmann et al.
2009; Cui et al. 2019; Ugalde et al. 2021). Earlier works
on oxidative stress induced in plant systems by MD or
MV were mostly with cell cultures and leaves (Sweetlove
et al. 2002; Samuilov et al. 2006; Schwarzländer et al.
2009; Aswani et al. 2019). As redox-sensitive GFP
showed MD initially disturbed redox status in mito-
chondria, but later the effect appeared in other compart-
ments, such as cytoplast and plastids of roots (Lehmann

Figure 9. Co-localization of H2O2 in mitochondria and chloroplasts of guard cells in response to 10 lM ABA (A–C).
(A) Confocal Z-stack images of chlorophyll autofluorescence (red), H2O2-specific CM-H2DCFDA fluorescence (green),
MitoTracker Red fluorescence (magenta) targeting mitochondrial H2O and the merged image, (B) scatterplots obtained from
ZEN colocalization module of CM-H2DCFDA green fluorescence against chlorophyll autofluorescence reflected co-
localization of H2O2 in chloroplasts, and (C) CM-H2DCFDA green fluorescence against MitoSOX Red fluorescence
(magenta) showed co-localization of H2O2 in mitochondria.
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et al. 2009). In a similar study, redox-based sensors
confirmed that MV primarily targeted chloroplasts for
H2O2 generation, followed by the cytosol and mito-
chondria (Cui et al. 2019; Ugalde et al. 2021).

4.3 MD and MV generated ROS (superoxide
and H2O2) in both mitochondria and chloroplasts

It is intriguing but not surprising that metabolic inhi-
bitors that target either mitochondria or chloroplasts
generate superoxide and H2O2 in both organelles. Like
superoxide, the production of H2O2 by MD or MV
started in mitochondria or chloroplasts and spread to
other compartments. Such mobility complemented the
importance of ROS as signaling molecules. The
mobility of redox components across cellular orga-
nelles to regulate photorespiratory metabolism was
reported in chloroplasts, mitochondria, and peroxi-
somes (Lehmann et al. 2009; Aswani et al. 2019; Cui
et al. 2019; Bapatla et al. 2021; Ugalde et al. 2021).

4.4 Chloroplastic and mitochondrial ROS
(superoxide and H2O2) contributed to stomatal
closure

The evidence from the co-localization of superoxide/
H2O2 and organelle-specific SOD mutants highlighted
the significant sites of ROS generation by MD and MV.
Reversal of stomatal closure by MD in the msd1
mutant highlighted the importance of superoxide gen-
eration in mitochondria (figure 5B). According to an
earlier study, the enhanced sensitivity to MV-induced
ROS in mitochondrial msd1-deficient RNAi lines
highlighted the importance of ROS production in the
mitochondria of Arabidopsis leaves (Cui et al. 2019).
Similarly, the ineffectiveness of MV in inducing
stomatal closure in the fsd3 mutant reflected the
importance of superoxide production in chloroplasts
(figure 5B). The mitochondrial or chloroplastic SOD-
deficient mutants were more sensitive to stress condi-
tions due to their altered cellular redox state. The
mutant deficient in mitochondrial SOD [msd1 or oiwa

Figure 10. Co-localization of H2O2 in mitochondria and chloroplasts of guard cells in response to 10 lM menadione (A–
C). Further details related to Z-stack images of guard cells and scatter plots are as in figure 9.
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(female gametophytic mutant impaired in Mn SOD1),
named so due to their phenotype] exhibited reduced
ROS levels and altered redox state of mitochondria

(Morgan et al. 2008; Martin et al. 2013; Hu and Jinn
2022). Similarly, the fsd3 mutant deficient in chloro-
plastic SOD exhibited higher superoxide and lower

Figure 11. Co-localization of H2O2 in mitochondria and chloroplasts of guard cells in response to 5 lM methyl viologen
(A–C). Further details related to Z-stack images of guard cells and scatter plots are as in figure 9.

Table 1. Representative colocalization coefficient values of superoxide (A) and H2O2 (B) production in mitochondria and
chloroplasts in guard cells of Arabidopsis thaliana

Treatment

(A) Superoxide

BES-So-AM vs. chlorophyll autofluorescence BES-So-AM vs. MitoSOX Red
Chloroplasts Mitochondria

ABA 10 lM 0.02 0.10
Menadione 10 lM 0.10 0.13
Methyl viologen 5 lM 0.19 0.12

Treatment

(B) H2O2

CM-H2DCFDA vs. chlorophyll autofluorescence CM-H2DCFDA vs. Mito Tracker Red
Chloroplasts Mitochondria

ABA 10 lM 0.02 0.28
Menadione 10 lM 0.16 0.41
Methyl viologen 5 lM 0.20 0.26
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H2O2 levels in chloroplasts, decreasing their photo-
synthetic efficiency (Myouga et al. 2008; Gallie and
Chen 2019).
H2O2 was produced in chloroplasts, mitochondria,

cytosol, peroxisomes, and plasma membranes during
stomatal closure by ABA (Postiglione and Muday
2020, 2023). Thus, ROS (superoxide/H2O2) from both
mitochondria and chloroplasts contributed to stomatal
closure by ABA, MD, or MV.

4.5 Events downstream of ROS during MD/MV
action similar to those of ABA

The rise in guard cell ROS was essential for stomatal
closure by MD or MV, as in the case of ABA. The
elevated ROS increased NO and Ca2?, which activated
ion-efflux making stomata close (Bharath et al. 2021;
Lim et al. 2022a; Liu et al. 2022). In a few earlier
reports, MD and MV promoted the rise in NO and
Ca2? in guard cells (McAinsh et al. 1996; Samuilov
et al. 2006). Our observations emphasized the essen-
tiality of ROS in stomatal closure by ABA, MD, or
MV. Signaling components downstream of ROS during
ABA-triggered stomatal closure included a plethora of
intermediates such as nitric oxide, Ca2?, Ca2?-
dependent kinases, MAP kinases, lipids, and ion
channels. These downstream components also took
part in MD- and MV-mediated stomatal closure. The
modulation of signaling components downstream of
ROS during closure by MD or MV needs to be
examined further.

5. Concluding remarks

Ours is the first attempt to examine in detail the
importance of mitochondria or chloroplasts of stomatal
guard cells using MD and MV, which interfered with
electron transport systems in mitochondria and
chloroplasts, respectively. MD or MV promoted sig-
nificant stomatal closure even at very low concentra-
tions, pointing out the crucial role of mitochondria and
chloroplasts during stomatal closure. An increase in
ROS levels of mitochondria and chloroplasts was an
essential event when closure was initiated. Redox
imbalance in mitochondria affected the status of
chloroplasts and vice versa. We suggest that guard cells
can be an excellent experimental system for studying
inter-organellar interactions involving mitochondria,
chloroplasts, and the cytoplasm.
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