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Abstract

Guard cells control the opening and closure of stomatal pores in response to internal and external stimuli, ensuring gas exchange in
plants. In Arabidopsis (Arabidopsis thaliana), p-AMYLASE1 (BAM1), assisted by a-AMYLASE3, begins degrading starch at dawn in guard
cells to promote stomatal opening. Both enzymes are controlled by reversible disulfide bond formation, which decreases their activity.
In the present study, we investigated the sensitivity of BAM1 to other redox-dependent post-translational modifications (PTM) both in
vitro and in vivo. In vitro, H,0, reversibly inactivates BAM1 and, in the presence of glutathione (GSH), induces S-glutathionylation of
BAM1. Glutathionylated BAM1 is active and transiently protected from H,0, inhibition. However, the glutathionylated state of BAM1
has limited stability and can be slowly resolved by a second cysteine with the formation of the intramolecular disulfide bond that
inhibits BAM1 activity. Thioredoxin f can fully revert the inhibition by reducing the disulfide to a dithiol. In vivo, Arabidopsis mutants
with lower plastidial GSH reductase activity, and consequently modified GSH homeostasis, showed higher BAM1 activity, lower starch
levels in guard cells, and altered stomata aperture, indicating that GSH redox potential impacts stomatal physiology, possibly through
BAM1. Moreover, plastidial BAM1 presents a prime example for the role of glutathionylation functioning as a transiently protective
PTM, interfering with the formation of inhibitory disulfide bonds. This example illustrates how transitions between protein cysteinyl

thiol PTMs can orchestrate dynamic responses involving several redox systems.

Introduction

Metabolic regulation occurs at different levels, including tran-
scriptional and translational control as well as post-translational
protein modifications (PTMs). PTMs provide a rapid way to regu-
late enzyme activity in response to internal and environmental
stimuli. Thiol-based redox modifications link reactive oxygen spe-
cies (ROS)/reactive nitrogen species signaling, the availability of
reducing power, and protein function (Noctor et al. 2018). In the
case of primary carbon metabolism, the reversible formation of
disulfide bonds enables the regulation of Calvin-Benson-
Bassham cycle in response to light/dark conditions (Michelet
etal. 2013; Gurrieri et al. 2021, 2024). This regulation involves sev-
eral redox-active proteins including thioredoxins (TRXs),
NADPH-thioredoxin reductase (NTRC), and 2-Cys peroxiredoxins,
whose interplay synchronizes the light-harvesting phase with
carbon-fixing reactions of photosynthesis (Cejudo et al. 2021,
Yoshida and Hisabori 2023).

Redox regulation also affects starch metabolism (Santelia et al.
2015; Skryhan et al. 2018). Indeed, the activity of key enzymes in-
volved in starch synthesis, e.g. ADP-glucose pyrophosphorylase
(Ballicora et al. 2000), and degradation, e.g. glucan water dikinase
(Mikkelsen et al. 2005), and several amylases (Sparla et al. 2006;
Seung et al. 2013; Storm et al. 2018) are redox-regulated.

The first amylase to be identified as a target of reductive activa-
tion was B-AMYLASE1 (BAM1) from Arabidopsis thaliana (Sparla
et al. 2006). BAM1 is inhibited by an intramolecular disulfide
bond formation that can be reduced by TRXs or NTRC (Sparla
et al. 2006; Valerio et al. 2011). From a physiological point of

view, the TRX-dependent activation of BAM1 makes the enzyme
active in the presence of light, which is a counterintuitive feature
for an enzyme involved in transitory starch degradation (Lloyd
et al. 2005). Diurnal starch breakdown occurs both in mesophyll
(Zanella et al. 2016; Fernandez et al. 2017; Ishihara et al. 2022)
and guard cells (Horrer et al. 2016; Flutsch et al. 2020). BAM1 is
present in guard cells and is involved in the drought stress re-
sponse, which requires diurnal starch degradation (Valerio et al.
2011; Zanella et al. 2016).

Starch in guard cells acts as a specialized carbon source for sto-
matal movements. Glucose molecules derived from diurnal
starch degradation are converted into malate, which is accumu-
lated in the vacuole, thereby contributing to the change in osmotic
pressure driving the stomatal opening (Dittrich and Raschke 1977;
Santelia and Lawson 2016; Daloso et al. 2017). Specifically, starch
granules begin to be degraded in the last 3 h of the night, while
synthesis resumes after a few hours of light (Horrer et al. 2016;
Flutsch et al. 2022 ), raising questions on how starch metabolism
might be controlled in these specialized cells.

Key players of starch degradation in stomata include BAMI1,
which is responsible for 80% of the degrading activity, and
a-AMYLASE3 (AMY3; Horrer et al. 2016; Santelia and Lunn 2017),
both regulated by the TRX system (Sparla et al. 2006; Seung
etal. 2013). Notably, AMY3 activity can also be inhibited by gluta-
thionylation (Gurrieri et al. 2019), a redox PTM known to play sev-
eral roles in chloroplasts, including the regulation of protein
function and the protection of thiols from over-oxidation during
oxidative stress (Zaffagninietal. 2012a, 2012b; Corpas et al. 2022).
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Glutathione (GSH) is the major low-molecular-weight thiol in the
cell and, together with ascorbate, is responsible for buffering redox
changes and maintaining redox homeostasis in plants (Foyer and
Noctor 2011; Deponte 2017). GSH can form a mixed disulfide with cys-
teine residues leading to protein S-glutathionylation (Zaffagnini et al.
2019; Yu et al. 2020). Glutathionylation can be induced by H,0, that
oxidizes deprotonated cysteines to sulfenic acids (-SOH). The sulfenic
acid form of cysteines can then be rapidly glutathionylated nonenzy-
matically by GSH (Zaffagnini et al. 2012a, 2012b). Alternatively, gluta-
thionylation of reduced cysteine residues can result from
nonenzymatic equilibration with oxidized GSH or via Class I glutare-
doxins (GRXs) acting as catalysts (Deponte 2017; Bohle et al. 2024).

Considering the important role of starch in guard cell physiol-
ogy, and that of H,0O, in the regulation of stomatal movements
(Rodrigues and Shan 2022; Lemonnier and Lawson 2024), we
decided to study the effect of H,O,, alone and in the presence
of GSH, on BAMI1 activity. We show that H,0,-mediated
S-glutathionylation of BAM1 is a transient modification that does
not affect enzyme activity per se, as observed by Storm et al.
(2018) for S-nitrosoglutathione-mediated S-glutathionylation, but
it rather slows down the H,0,-dependent inactivation of BAM1.
Only after prolonged incubation, the glutathionylation of BAM1
turns into an intramolecular disulfide that inhibits BAM1 activity.
Moreover, plants with reduced amounts of glutathione reductase 2
(GR2) and thus higher oxidized glutathione (GSSG) concentration
in vivo show higher BAM1 activity, lower starch content, and re-
duced stomatal opening than wild-type plants. Taken together,
our results reveal that the stromal GSH redox state impacts guard
cell functionality presumably via BAM1 regulation.

Results

Hydrogen peroxide reversibly inhibits BAM1
activity

BAM1 harbors 8 cysteines, at least 2 of which (Cys32 and Cys470), are
involved in redox regulation through the formation of a disulfide
bond that inhibits enzyme activity (Sparla et al. 2006). We tested
the in vitro sensitivity of BAM1 cysteines to oxidants by incubating
purified BAM1 in the presence of 0.5 mm H,0, for 1 h. The activity de-
creased by 60% (Fig. 1A). The subsequent incubation with 60 mwm
DTT completely restored BAM1 activity (Fig. 1A), suggesting that
H,0, might have caused the formation of an inhibitory disulfide
bond that DTT could fully reduce, thereby activating the enzyme.

H,0,-induced disulfide bond formation typically occurs in 2
steps: sulfenylation of an acidic cysteine by H,O, and nucleophilic
attack on the sulfenyl group (-SOH) by a second cysteine thiol
(Paulsen and Carroll 2013). Thus, disulfide bond formation may
protect the sulfenylated cysteine from further oxidation by H,O,
to sulfinic (SO,H)/sulfonic (SOsH) groups, which cannot be re-
duced back to the original thiol form.

Similarly, sulfenylated cysteines could also be protected by re-
acting with the cysteinyl thiol group of GSH to form a mixed disul-
fide. Therefore, the effect of H,O, on BAM1 activity was also
monitored in the presence of GSH over time (Fig. 1B). Indeed, the
presence of GSH slowed down the H,0,-dependent inhibition of
BAMI, indicating that GSH could limit the formation of the inhib-
itory intramolecular disulfide, likely through a fast reaction with
the sulfenic cysteine of BAMI1.

BAM1 is a target of glutathionylation

The possibility that GSH protected BAM1 from H,0,-induced in-
hibition by forming a mixed disulfide was investigated by

Western blot analysis using o-GSH antibodies. For this purpose,
BAM1 was incubated either with H,0, plus GSH or with GSSG.
Western blot analysis of both treatments revealed strong gluta-
thionylation signals after 60 min of incubation (Fig. 2, A and B).

The incubation with GSSG helped disentangle the direct effect
of H,O, from those of glutathionylation. In fact, the activity of glu-
tathionylated BAM1 after GSSG incubation was not inhibited com-
pared to the control (Fig. 2C), in contrast with BAM1 incubated
with GSH and H,0, (Fig. 1B). This result suggests that either (i)
treatments with GSSG or GSH and H,0, do not target the same
cysteine and therefore have different effects on BAM1 activity or
(ii) glutathionylation does not impair BAM1 catalysis, and the par-
tial inhibition observed after GSH and H,0, treatment (Fig. 1B) de-
pends on the formation of a disulfide induced by H,0,.

To demonstrate that glutathionylation affects the same site(s),
the glutathionylation signal was tracked using a-GSH antibodies
in Western blot analysis. Recombinant BAM1 underwent gluta-
thionylation upon incubation with GSSG (Fig. 2D, second lane),
after which the unmodified cysteines were blocked using the alky-
lating agents. iodoacetamide (IAM) and N-ethylmaleimide (NEM),
(Fig. 2D, third lane). The sample was then diluted, and glutathio-
nylation was removed by adding DTT (Fig. 2D, fourth lane). After
the removal of reagents by desalting, BAM1 protein, with only
the cysteine(s) previously targeted by GSSG now exposed in the
thiol state, was treated with H.O: and GSH, resulting in a new glu-
tathionylation signal (Fig. 2D, fifth lane). This experimentrevealed
that the same cysteine(s) can be targeted by 2 different glutathio-
nylation reactions. This finding excludes our first hypothesis and
supports the second: the inhibition observed after H,O, and GSH
treatment could be due to H,O, rather than glutathionylation of
a different cysteine than the one modified by GSSG.

Considering thatin vivo protein glutathionylation depends on GSH
redox steady state in both nonenzymatic- and GRX-dependent reac-
tions, we tested the regulation of BAM1 glutathionylation in vitro. For
this purpose, glutathionylated BAM1 was incubated for 1 h with GRX
C5 or GRX S12 in the presence of GSH (Fig. 2E). Control incubations
were also performed with GSH and DTT (Fig. 2E). All treatments af-
fected the glutathionylation of BAM1, especially GRXs and DTT,
whereas GSH alone removed the GSH only partially.

Spontaneous loss of GSH leads to inhibition
of BAM1 by intramolecular disulfide formation

To further characterize the behavior of glutathionylated BAM1,
enzyme preparations were desalted after 1 h of incubation to re-
move excess reagents (H,O, and GSH, GSSG, or buffer). After de-
salting, both the glutathionylation state (Fig. 3, A and B) and
enzyme activity (Fig. 3C) were monitored at different time points.

Western blot analyses revealed that glutathionylation signals
disappeared over time (Fig. 3, A and B) and were no longer visible
at 60 min after desalting. Activity assays on the same samples
showed a decrease in BAM1 activity that corresponds to the loss
of the glutathionylation signal (Fig. 3C). The lowest activities
were recorded in samples that showed no glutathionylation sig-
nals (Fig. 3, A to C). Compared to control samples (Fig. 3C, black
circle), both BAM1 samples pretreated with GSH plus H,0,
(Fig. 3C, white circle) and samples pretreated with GSSG (Fig. 3C,
light blue circle) started losing activity after desalting, reaching
a plateau at 15% to 25% of the initial activity within 40 to 60 min.

Given that BAM1 is inhibited by a regulatory disulfide bridge
(Sparla et al. 2006; Valerio et al. 2011), the presence of soluble
GSH in the medium was quantified when BAM1 reached its lowest
activity (i.e. after 90 min of incubation; Fig. 3C). Released GSH was
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Figure 1. BAM1 sensitivity to H,O, and protective effect of GSH. A) Inactivation of BAM1 after 1 h incubation with 0.5 mm H,0,. The control sample was
incubated for 60 min in the absence of H,O,. Rescue of BAM1 activity was recorded in response to an additional 30 min incubation with DTT.

B) Inactivation kinetics of BAM1 incubated with 0.5 mm H,O, with or without 2.5 mm GSH (reduced GSH). The control sample has been incubated in the
absence of any reagent. All experiments were carried outin triplicate; error bars show standard deviation. Data were analyzed with Student’s t-test and

compared to the control sample; **, P<0.01; ns, not significant.

quantified using Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic
acid), DTNB) in the flow-through of ultrafiltered BAM1 samples.
Soluble thiols were measured and found to be in a 1:1 molar ratio
to BAM1 (Fig. 3D). The aim of this experiment was to investigate
whether BAM1 glutathionylation could turn into an intramolecu-
lar disulfide bridge between 2 protein cysteines, with the release of
free GSH. The results indicate that BAM1 is glutathionylated on a
single cysteine and that this post-translational modification does
not affect BAM1 activity per se. However, following a slow thiol-
disulfide exchange reaction, GSH is released from glutathiony-
lated BAM1 and a stable disulfide between 2 regulatory cysteines
is formed, with consequent BAM1 inhibition.

TRX f1 restores BAM1 activity after
glutathionylation-mediated inhibition

We next attempted to recover BAM1 activity following the forma-
tion of regulatory disulfide promoted by glutathionylation. To this
end, GSSG-pretreated BAM1 samples were first desalted to remove
excess GSSG, then left to form the intramolecular disulfide and fi-
nally exposed to different reducing systems.

As shown above, the formation of intramolecular disulfides
after desalting decreased the activity by 85% compared to the con-
trol samples (Fig. 4, light blue bar). Subsequent incubation with
60mwm DTT for 1h completely restored BAM1 activity (Fig. 4,
blue bar). Alternatively, BAM1 activity was fully recovered by
treatment with TRX f1 in the presence of 0.5 mm DTT as electron
donor (Fig. 4, yellow bar). In contrast, the stromal Class I GRX C5
and GRX S12 (Couturier et al. 2011, 2009; Zaffagnini et al. 20123,
2012b) allowed limited reactivation of BAM1 in the presence of
2 mwm GSH (Fig. 4, green bar).

To assess if GRX could catalyze the reactivation of BAM1 upon
longer incubations, the activity of BAM1 was followed for 16 h in
the presence of GRXs and GSH (Supplementary Fig. S1). Under
these conditions, the activity of BAM1 was completely recovered
with either GSH alone or GRX plus GSH. Altogether, these data
showed a strong preference for TRX f1 over GRX for BAM1
reactivation.

Considering that TRXs tend to be specific for protein disulfides
(Cys-Cys, Michelet et al. 2013), while Class I GRXs are often in-
volved in the reduction of GSH-protein mixed disulfides (Cys-
GSH, Zaffagnini et al. 2012a, 2012b), these results strengthen the
idea that the glutathionylation of BAM1 turns into an inhibitory
intramolecular disulfide.

Lower stromal GR activity affects BAM1 activity
in vivo

A. thaliana encodes 2 isoforms of GSH reductase, both with dual lo-
calization, the cytoplasmic/peroxisomal GR1 and the plastidial/
mitochondrial GR2 (Marty et al. 2019). To test if BAM1 may be regu-
lated by GSH in vivo, we used Arabidopsis mutants with lower levels
of plastidial/mitochondrial GR2 activity. Given the lethality of GR2
knock-out mutations, 2 lines with different residual levels of GR2
activity were used: miao, with only a few percent of wild-type
GR2 activity (Yu et al. 2013) and epc-2, with less than 25% GR2 ac-
tivity compared to wild type (Marty et al. 2019). As a negative con-
trol, bam1 plants lacking BAM1 (Valerio et al. 2011) were also used.

Figure 5A illustrates a typical time course of starch concentration
that reflects the ratio between the rate of starch synthesis and deg-
radation. Whereas starch degradation predominates during the last
3 to 4 h of the night and accelerates during the first 3 h of daylight,
starch synthesis dominates for the rest of the day until 6 h into
the dark period (Horrer et al. 2016; Santelia and Lunn 2017).

To cover the period in which starch degradation is more active
in guard cells, plants were collected at 18 days after germination
(period in which the expression of BAM1 is confined to guard cells,
Valerio et al. 2011) at 9 and 11 h of darkness, and 1, 3, and 6 h of
light, respectively, Zeitgeber time (ZT) 21, ZT23, ZT3, and ZT6 in
the 12 h light/12 h dark photoperiod.

First, the total amount of BAM1 was evaluated in soluble pro-
tein extracts from wild-type, epc-2 and miao plants by Western
blotting (Fig. 5B). The BAM1 level was generally higher in wild-type
plants than in mutants (84% to 91% of wild type), as indicated by
densitometric analysis of the bands performed with ImageJ
(Schneider et al. 2012) and reported in Fig. 5B. The unique excep-
tion was epc-2 at 9 h of darkness, with 124% of wild-type BAM1.
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Figure 2. Glutathionylation of BAM1 has no effect on catalysis. A) Upper panel: Western blot analysis with a-GSH antibodies on BAM1 samples
untreated (CTR) and treated with 0.5 mm H,O, and 2.5 mm GSH (reduced GSH). Samples were analyzed at 0 min and after 60 min of incubation. Lower
panel: Coomassie staining of the same samples. B) Upper panel: Western blot analysis with a-GSH antibodies on BAM1 samples untreated (CTR) and
treated with 1 mm GSSG (oxidized GSH). Samples were analyzed after 60 min of incubation. Lower panel: Coomassie staining of analogous samples.
C) BAM1 activity was measured in untreated (Control) and treated sample (1 mm GSSG) after 1 h of incubation. Data were analyzed with Student’s t-test
and compared to the control sample; ns, not significant (P <0.05). The experiment was carried out in triplicate; error bars show standard deviation.
D) Upper panel: Western blot analysis with a-GSH antibodies on BAM1 pre-treated with 1 mm GSSG. The remaining free cysteine thiols were blocked
with alkylating agents (20 mm IAM; and 20 mm NEM), the sample was diluted and glutathionylation has been removed with 20 mm DTT. All the reagents
were removed by desalting and the protein treated with 0.5 mwm H,0, and 2.5 mm GSH. The signal observed in this latter sample indicates that the same
cysteine can be a target of both glutathionylating treatments (GSSG or H,O, and GSH). Lower panel: Ponceau staining of the membrane after protein
transfer. E) Deglutathionylation of BAM1 assayed by Western blot analysis using a-GSH antibodies. Upper panel: BAM1 was treated with 1 mm GSSG
(GSSG lane), desalted, and then incubated with 0.5 mm DTT, 2 mwm GSH alone or in the presence of 1 uM GRX C5 or GRX S12. Lower panel: Ponceau
staining of the membrane after protein transfer. A and E: The M lane images were acquired as colorimetric images by the same imaging system used to

detect the chemiluminescence signal.

Protein extracts were then used to visualize hydrolytic activities on
native gel containing amylopectin (Fig. 5, C to F). As controls, soluble
protein extracts from bam1 plants (negative control) and DTT-treated
samples (fully activated samples) were loaded in all zymograms.

After DTT treatment, all genotypes exhibited an increased hydro-
lytic activity, with the most evident increase being shown by wild-
type extracts (Fig. 5, C and D). Five major bands were identified in
all zymograms. Bands 1 and 2, which, based on their position and ap-
pearance, should correspond to isoamylases (Delatte et al. 2005), in-
creased their activity upon redox treatments in wild-type extract,
while they appeared already active and less sensitive to DTT treat-
ment in both epc-2 and miao mutants. A third faint band at the bot-
tom of the gel (Band 3) did not respond to reducing treatment, and a
fourth band (Band 4), which occupied the same area of BAM1 activ-
ity, was visible in bam1 line and partially masked in the other lines.
Similar to Bands 1 and 2, the BAM1 signal increased strongly upon
DTT treatment only in wild-type extract (Fig. 5D), while in the
epc-2 and miao mutants, it already appeared to be maximally acti-
vated regardless of the collection time (Fig. 5, E and F).

These findings indicate that BAM1 activity is higher under low
GR2 activity, whereas it increases slightly from the dark to the
light period only in wild-type plants.

Redox balance of GSH affects starch levels

in guard cells

Ithas been previously reported that BAM1is mainly expressed in the
guard cells of young plants (Valerio et al. 2011) and is responsible for
approximately 80% of the amylolytic activity in guard cells (Horrer
etal. 2016). Thus, to further test the effect of stromal GSH redox state

on BAM1 activity in vivo, starch content in guard cells was assessed
and used as a proxy measure for BAM1 activation state.

Epidermal peels from 18 days wild-type, epc-2, miao and baml
plants were collected at 11 h of dark and 1 and 3 h of light and stained
for starch visualization. Pictures were recorded and the total area of
starch granules in guard cells was quantified. In agreement with pre-
vious data (Valerio et al. 2011; Horrer et al. 2016), guard cells of bam1
plants showed limited or no starch degradation during the first 3 h of
the day, when guard cells of wild-type plants lose about 40% of their
nighttime starch content (Fig. 6A). Consequently, bam1 mutants con-
tain more starch in guard cells than wild-type plants at the beginning
of the day. In contrast, starch content in epc-2 mutants was con-
stantly lower than in wild-type plants (Fig. 6A) and did not change
at the end of the night or during the day (Fig. 6A). Starch in miao mu-
tants was intermediate between wild type and epc-2, as it was de-
graded in the dark-to-light transition but was invariably lower than
in wild-type plants, similar to epc-2 (Fig. 6A).

These complementary data confirm our results from in-gel ac-
tivity assays: in the absence of BAM1 (Fig. 6A), starch granules are
larger in guard cells. In wild-type guard cells, starch decreases
after the onset of the day, whereas in epc-2 and miao mutants,
the constantly high BAM1 activity (Fig. 5, D to F) resulted in consti-
tutively lower starch levels in guard cells (Fig. 6A).

Stromal GSH homeostasis partially influences
stomata aperture

Although starch degradation in guard cells starts in the last hours
of the night, stomatal opening occurs in the first hour of light
(Fig. SA; Horrer et al. 2016). To complete the analysis of guard cells
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an equal volume of buffer (CTR). After incubation both samples were desalted in 100 mm Tricine-NaOH pH 7.9 and at indicated time points, the enzyme
activity were analyzed by Western blot analysis using a-GSH antibodies. Lower panel: Coomassie staining of the same samples. B) Upper panel: BAM1 samples
were incubated for 1 h with 1 mm GSSG or with an equal volume of buffer (CTR). After incubation, both samples were desalted in 100 mwm Tricine-NaOH pH 7.9
and at indicated time points, the enzyme activity were analyzed by Western blot analysis using o-GSH antibodies. Lower panel: Coomassie staining of the
same samples. C) BAM1 activity measured on samples shown in A and B; the activity of every sample is expressed as percentage of the activity at 0 min after
the desalting. D) Thiols were released from untreated (Control) and GSSG-treated BAM1 (as in B). Control and treated samples were desalted after 1 h and
incubated for 90 min before measuring the released GSH in the flow-through of the ultrafiltered BAM1 samples. All experiments were carried outin triplicate;
error bars show standard deviation. Data were analyzed with Student’s t-test and compared to the untreated sample; **, P<0.01; *, P<0.05.

functioning under unbalanced GSH homeostasis, the opening of
stomata was monitored at the end of the night (0 h light) and 1 h
after the beginning of the day. All genotypes had a wider stomata
aperture at 1h light compared to darkness (0h light; Fig. 6B).
Comparing the genotypes, we observed that in the epc-2 mutant
stomata were more open than any other genotype both at the
end of the night and at the beginning of the day. The stomata aper-
ture of miao plants was comparable to wild type, while the aperture
of bam1 was the lowest among genotypes after 1 h of illumination.

Discussion

Chloroplasts possess complex redox systems including diverse redox
components (e.g. TRXs, GRXs, ROS, GSH, and ascorbate) (Souza et al.
2019). This study describes a redox regulatory mechanism involving
BAM1 from Arabidopsis. The BAM1 from Arabidopsis, which is known
to be activated by reduced TRXs in vitro (Sparla et al. 2006), can also
interact with hydrogen peroxide and GSH. Because BAM1 is specifi-
cally expressed in guard cells of young Arabidopsis plants (Valerio
et al. 2011), these regulatory properties of BAM1 should be considered
when interpreting the altered stomatal physiology of mutants with re-
duced GR2 activity and consequent modification of GSH redox state.

Dynamic redox regulation of BAM1 integrates
inputs from GSH and TRX systems

We found that BAM1 is reversibly modified by hydrogen peroxide
(Fig. 1A). This suggests an additional connection between BAM1

and photosynthesis, given the unavoidable generation of H,0,
by photosynthetic complexes in the light (Lee and Kim 2024).
Even at the relatively high concentrations of H,0, tested
(0.5 mwm, Fig. 1), we found that BAM1 can lose up to 70% of its activ-
ity and recover it completely upon reduction with DTT (Fig. 1),
which clearly indicates that the formation of the inhibitory disul-
fide is fast enough to limit cysteine overoxidation to sulfinic/sul-
fonic acids, a common irreversible side effect of H,O, regulation
of enzyme activities (Zaffagnini et al. 2019; Cejudo et al. 2021;
Yoshida and Hisabori 2023). We hypothesize that BAM1 may be
adapted to conditions of oxidative stress such as mesophyll cells
under osmotic/drought stress, in which BAM1 expression was
found to be strongly induced (Zanella et al. 2016). However, since
the identity of BAM1 cysteines involved in redox PTM is still un-
known, specific physiological studies involving cysteine mutants
are not yet possible.

TRX f1 is one of the important redox transmitters involved in
the synchronization of light reactions of photosynthesis and the
activity of the Calvin-Benson-Bassham cycle (Michelet et al.
2013). In vitro experiments showed that BAM1 is preferentially
reduced by TRX fl among all major chloroplast TRX types
(Sparla et al. 2006; Valerio et al. 2011). When TRX f1 reduction in-
creases under light conditions (Zimmer et al. 2021; Hou et al.
2024), the inhibitory BAM1 disulfide decreases. Hydrogen perox-
ide, which is also produced in chloroplasts under light conditions,
could directly contrast the activating effect of TRX {1 by promot-
ing the formation of the disulfide. Alternatively, H,O, may indi-
rectly contribute to the same effect by acting as a terminal
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Figure 4. TRX f1 mediates rapid BAM1 reactivation. The reversibility of
inactivation of BAM1 was assessed on inhibited BAM1 samples obtained
after treatment with 1 mm GSSG for 1 h, desalted, and incubated for
90 min at 37 °C. Untreated sample followed the same procedure, except
for the initial incubation that was with buffer. The recovery was tested
incubating for 1 h with 1 uM of TRX f1 and 0.5 mm DTT, GRX C5, or GRX
S12 and 2 mm GSH. The experiment was carried out in triplicate; error
bars show standard deviation. Data were analyzed with 1-way ANOVA
and Tukey’s test with P<0.01, where distinct lowercase letters denote
significant group differences.

electron acceptor for the redox chain formed by atypical TRXs,
TRXL2/ACHT and 2-cys peroxiredoxin, which may constitute a
common route for dark-inactivation of light-activated enzymes
(Zaffagnini et al. 2019; Yoshida and Hisabori 2023). In conclusion,
the sensitivity to H,O, appears to strengthen the coordination be-
tween BAM1 activity and photosynthesis, already sustained by
TRX regulation.

Leaf tissue contains high levels of GSH (about 500 nmol/g fresh
weight, low millimolar range concentration), which is kept in its
reduced form (GSH) by the action of GSH reductases (GR1 in cyto-
sol and peroxisomes and GR2 in plastids and mitochondria). In
these compartments, in vivo GSH redox potential (Egsy) measure-
ments using the genetically encoded biosensor roGFP2 revealed
that the GSH:GSSG ratio ranges from 10,000 to 50,000:1, with
GSSG concentrations between the micromolar and the nanomolar
range (Schwarzlander et al. 2016; Miiller-Schiissele et al. 2021).

The high concentration of GSH in plant cells makes it possible
that protein cysteines initially attacked by H,O, may react with
GSH, resulting in protein glutathionylation (Fig. 7). Indeed, we ob-
served that simultaneous incubation with GSH and H,0, led to
BAM1 glutathionylation, and the same modification could be ob-
tained by incubating the enzyme with GSSG (Fig. 2, A and B).
However, glutathionylation itself did not affect BAM1 activity, not di-
rectly at least (Fig. 2C). These data agree with the work of Storm and
colleagues (2018), which showed that S-nitrosoglutathione treat-
ment led to glutathionylation of BAM1 without influencing the cat-
alysis. In vitro after the removal of the glutathionylating reagent
and prolonged incubation, glutathionylated BAM1 became inactive
due to the formation of a disulfide (Figs. 3C and 4). Several evidence
support the transient nature of BAM1 glutathionylation: (i) the dis-
appearance of the GSH signal in Western blots analysis after the

removal of the glutathionylating reagent (Fig. 3, A and B) and (ii)
the concomitant release in solution of 1 mole of GSH per mole of
BAM1 (Fig. 3D); (iii) the inhibition of BAM1 activity observed only
after the removal of GSSG or H,0, and GSH (Fig. 3C) and (iv) the
fast recovery of BAM1 activity by TRX f1 but not by GRX S12 or C5
(Fig. 4). Given that transient glutathionylation does not inactivate
BAM1, the glutathionylation site should be outside the active site
in a position that does not interfere with the catalysis. Conversely,
the resolving cysteine, which attacks the mixed disulfide of the glu-
tathionylated cysteine, is likely to be inside the catalytic pocket
(Fig. 7), as its involvement in a disulfide bond leads to the inhibition
of the activity. Overall, the mechanism identified here constitutes an
alternative way to control BAM1 catalysis, at the intersection be-
tween H,0,/GSH and TRXs, highlighting the complexity and the
complementarity of redox systems in chloroplasts.

Effects of altered GSH redox state on BAM1 activity
in vivo

With the aim of investigating whether the GSH-dependent modu-
lation of BAM1 activity could exist in vivo, the behavior of BAM1
was analyzed in leaf extracts of plants with altered plastid GR2 ac-
tivity (epc-2 and miao).

By comparing the in-gel activity of leaf extracts of wild-type
plants and GR2 mutants, it was clear that epc-2 and miao had high-
er BAM1 activity at all time points analyzed (Fig. 5, D to F).
Considering that the midpoint redox potential of the regulatory
disulfide of BAM1 is—360 mV at pH 8 (Sparla et al. 2006) and
that the GSH redox potential in chloroplasts (Egsy) is between—
310 and 365 mV (Schwarzlander et al. 2008; Rosenwasser et al.
2010; Miiller-Schiissele et al. 2020; Haber et al. 2021), even slight
changes in GSSG levels, as expected in GR2 mutants, should influ-
ence the propensity of GSH to modify BAM1. A decrease in the
[GSH]/[GSSG] ratio might also slow down the rate of deglutathio-
nylation by GRXs (Zaffagnini et al. 2012a, 2012b; Zaffagnini et al.
2019), thus keeping BAM1 in the glutathionylated state for a lon-
ger time. Increased steady-state levels of glutathionylated BAM1
would result in a higher pool of enzyme molecules transitorily
blocked in an active state, though ready to be inhibited by homo-
disulfide formation. In the case of epc-2 and miao, it is possible to
hypothesize that Eggy is constantly more positive that in wild-type
plants, so that BAM1 would be more active, as suggested by our in-
gel activity assays (Fig. 5, C to F) because of glutathionylation and
thus, protection from oxidants.

In vivo consequences of altered GSH homeostasis
on guard cells starch and stomata aperture

In young and unstressed plants, BAM1 expression is confined to
guard cells (Valerio et al. 2011; Zanella et al. 2016) and starch con-
tent in these specialized cells has been used as a proxy to analyze
BAM1 activation. Starch content was quantified after 11 h of dark-
ness and after 1 and 3 h of illumination. As previously observed,
starch degradation in Arabidopsis guard cells proceeds during
the last hours of the night (i.e. it should be active at 11 h darkness)
and the first hours of the day, then it tends to decrease after 3 h of
illumination when starch synthesis prevails (Horrer et al. 2016;
Santelia and Lunn 2017). As expected, plants lacking BAM1 were
unable to degrade starch in guard cells and to completely open
the stomatal pore (Fig. 6, A and B). On the other hand, guard cells
of both GR2 mutants were found to contain much less starch at all
time points (Fig. 6A), in agreement with the activated state of
BAM1 observed in-gel (Fig. 5, E and F). The high activity of BAM1
at the end of the night in these plants allows us to hypothesize
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Figure 5. Alteration in GSH regeneration affects BAM1 activity. A) schematic representation of stomata aperture and starch levels in Arabidopsis
chloroplasts of guard cells throughout the day. Adapted from Horrer et al. (2016). Sample collection times (9 and 11 h dark; 1, 3 and 9 h light) are marked
by dotted lines. B) BAM1 protein levels visualized by Western blot using a-BAM1 antibodies. Protein extracts (40 ug) from the indicated genotypes were
prepared at different timepoints and loaded onto gels. BAM1 appears as 2 bands due to the presence of precursor (P) and mature BAM1 (M) in protein
extracts (Feike et al. 2022). Ponceau staining of Rubisco large subunit is shown as loading control. The levels of total BAM1 protein (precursor + mature)
were quantified with Image], normalized on the wild-type value and shown as numbers at the bottom of the Western blot. C) In-gel amylolytic activity
on native acrylamide gel with 0.1% amylopectin. Protein samples were collected at 1 h of light and incubated with extraction buffer (left side of the gel)
or reduced DTT (right side of the gel) for 1 h before loading. Arrowheads indicate amylolytic activities (Bands 1, 2, 3, and 4) other than BAM1. D)-F) In-gel
amylolytic activity on native acrylamide gel with 0.1% amylopectin from protein samples of the indicated genotype collected at the different time
points. Part of the extract at 1 h of light was reduced with 20 mm DTT and 40 ug of proteins were loaded onto gels to show the maximal activity.
Arrowheads indicate amylolytic activities (Bands 1, 2, 3, and 4) other than BAM1.

that GSH could enable the night activation of BAM1, although
studies are needed to characterize the physiological nighttime
regulation of BAM1.

Different from bam1 mutants, which limit the opening of sto-
mata in the light possibly because of their low starch degradation,
epc-2 mutants keep stomata in a relatively open state even in the
dark (Fig. 6B), in agreement with their low levels of starch in guard
cells (Fig. 6A). Therefore, by comparing bam1 and epc-2 mutants, a
coherent inverse correlation was observed between starch con-
tent (related to BAM1 activity) and stomata aperture.

A similarinverse correlation was not apparent in miao mutants,
which contain less starch than wild type in guard cells, but more
than epc-2 at 11 h of dark (Fig. 6A), and opens stomata like wild-
type plants (Fig. 6B). Different reasons can be hypothesized for
this discrepancy. Many steps are involved in the molecular mech-
anism that induces changes in turgor pressure in guard cells
(ROS production, blue light perception, H* and K* pumping,
and malate production; Lemonnier and Lawson 2024). The GSH
redox state has been observed to exert an influence on these proc-
esses, acting as a negative regulator of abscisic acid signal
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Figure 7. Model of BAM1 redox regulation. BAM1 reacts with H,0,, undergoing sulfenylation (-SOH). The sulfenylation is either removed by forming a
disulfide bond with a cysteine from the active site, which inactivates BAM1, or by reacting with GSH, leading to glutathionylation (-SSG) and
maintaining the enzyme’s activity. Glutathionylation can be removed by the active site cysteine, leading to intramolecular disulfide bond and inhibition
of activity. Glutathionylation can occur also by direct reaction with oxidized GSH (GSSG). GRXs keep target cysteine redox states and GSH redox state
near thermodynamic equilibrium. Depending on the GSH redox potential (Egsy), GRXs can catalyze glutathionylation or deglutathionylation. The
inhibitory intramolecular disulfide bond can be reduced by chloroplast TRX using the reducing power provided by photosynthesis.

components (Okuma et al. 2011; Akter et al. 2012). Moreover, it is
noteworthy that severe defects have been found in the root apical
meristem of miao plants, leading to a strong inhibition of root
growth (Yu et al. 2013). Short roots could possibly impair water
balance and influence guard cell function. In addition, the effect
of low GR2 activity in mithochondria should be considered.

In the context of epc-2 plants, it is important to note that these
plants are completely devoid of GR2 in mitochondria, even though
GSH and TRX systems can compensate each other to a certain ex-
tent in this organelle (Marty et al. 2019). The energy from mito-
chondria is needed for stomata aperture, especially for the ion
pumps involved, then the absence of GR2 in mitochondria may
potentially give rise to hitherto unknown effects on stomatal aper-
ture. Of course, a combination of all the factors mentioned should
be taken into account.

Although further research is needed to detail how physiological
and environmental signals modulate GSH-mediated regulation of

BAM1, here we show that BAM1 can function as redox hub inte-
grating inputs from TRX and GSH systems.

Conclusions

The present study demonstrates that the activity of BAM 1 of A.
thaliana is additionally influenced by the GSH redox system.
Although BAM1 can undergo glutathionylation, this PTM itself
does not affect enzyme activity directly but rather slows down
the inactivation rate of BAM1 in response to H,0O,. Class I GRXs re-
move the glutathionylation, restoring the reduced cysteinyl thiol.
However, the glutathionylation event can slowly proceed through
the formation of the inhibitory regulatory disulfide and the con-
comitant release of GSH.

After inhibitory disulfide formation, BAM1 reactivation can be
performed by TRX f1. The analysis of GR2-defective lines showed
that stromal GSH redox state affects BAM1 activity in vivo,
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resulting in a more active enzyme. In our current view, the higher
activation state of BAM1 in GR2 mutants compared to wild-type
plants would depend on a slower rate of the formation of the reg-
ulatory intramolecular disulfide due to higher glutathionylation,
or lower deglutathionylation, rates. Combining these results
show an example of glutathionylation as a purely protective
mechanism, interfering with the formation of an inhibitory disul-
fide bond and keeping the enzyme more active.

Here we show that stromal GSH redox state influences starch
metabolism, at least in part, through BAM1 activation state. In
particular, these initial investigations into starch metabolism
under altered stromal GSH homeostasis have highlighted the ne-
cessity to further clarify the role of GSH in this process and its re-
lationship with stomatal function. Given the importance of
stomata for maintaining plant water balance and growth, and
the role of starch in stomata physiology, these results pave the
way for the discovery of mechanisms of redox-mediated regula-
tion of stomata opening.

Materials and methods

Expression and purification of recombinant
AtBAM1

Wild-type BAM1 was expressed and purified, as described in
Sparla et al. (2006). Briefly, Escherichia coli BL21 (DE3) cells, harbor-
ing the expression vector pET28 (Novagen-Merck) containing the
coding sequence for the mature form of BAM1 in frame with an
His-tag at the N-terminus, were grown at 37 °C before and after
the induction of expression with 0.4 mwm isopropyl p-D-1-thioga-
lactopyranoside. Cells were collected by centrifugation and stored
at =80 °C before purification procedure. Purification was con-
ducted by loading the soluble fraction of sonicated cells onto
Chelating Sepharose Fast Flow (Cytiva). Binding, washing, and
elution steps were performed following the manufacturer’s in-
struction and applying buffer with increasing imidazole concen-
tration (i.e. 5, 60, and 500 mw).

After purification, BAM1 was desalted in 30 mwm Tris-HCIpH 7.9,
1 mwm EDTA; purity was assessed by 12.5% SDS-PAGE gel and the
His-Tag was removed by Thrombin Protease (Cytiva).

Pure recombinant BAM1 was quantified by absorbance at
280 nm (Nanodrop N-1000; Thermo Fisher Scientific) using a mo-
lar extinction coefficient of 99,030 M~* cm™* and molecular mass
of 59,721Da calculated on the primary sequence through
ProtParam (Wilkins et al. 1999). A. thaliana TRX f1 was generously
gifted by Emmanuelle Issakidis-Bourguet (CNRS-University of
Paris Saclay, France). A. thaliana GRX C5 and Populus tremula x trem-
uloides GRX S12 were kindly provided by Nicolas Rouhier
(University of Nancy, France).

Activity measurements and redox treatments

Catalytic activity was assayed incubating 60 ul of 1 uM BAM1 with
an equal volume of the artificial substrate p-nitrophenyl malto-
trioside (PNPB-G3; Betamyl3, Megazyme, Ireland) at 40 °C for
10 min, then the reaction was stopped with 900 ul of stop solution
(Tris 1%, pH 8.5) following the manufacturer’s instructions. The
absorption of the p-nitrophenyl group released by the reaction
was measured at 400 nm in a standard spectrophotometer (Cary
60, Agilent).

For oxidative treatments, BAM1 was pre-reduced with 20 mm
DTT at 37 °C for 1 h, and then desalted in 100 mm Tricine pH 7.9
using NAPS columns (Cytiva). Pre-reduced BAM1 was incubated
in 100 mwm Tricine-NaOH pH 7.9 at 25 °C in the absence (control)
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or presence of 0.5mm H,0,, 0.5mm H,O, plus 2.5 mu reduced
GSH or 1 mum oxidized GSH (GSSG) for 1 h at 25 °C. Recovery from
hydrogen peroxide was assessed by incubating with 60 mm DTT
for 30 min at 37 °C. Inactivation kinetics were performed incubat-
ing BAM1 at 25 °C with or without (control) 0.5 mwm H,0, and
0.5 mm H,O, plus 2.5 mum GSH; the activity was assayed at the in-
dicated time points activity.

To demonstrate that the same cysteine can be glutathionylated
by H,0, and GSH or GSSG, 30 uM BAM1 was incubated in presence
of 1 mM GSSG for 1 h. Then, the incubation was diluted 2 times and
incubated with 20 mm IAM and 20 mm NEM for 30 min to block the
remaining free cysteines. The solution was further diluted 5 times
and incubated with 40 mwm reduced DTT for 30 min. At the end of
the reduction, the sample was desalted through a NAP5 column
(Cytiva) and incubated with 0.5 mm H,0, and 2. 5mwm GSH. At
every step, the equivalent of 1 ug of BAM1 protein was collected
for Western blot analysis with a-GSH antibodies (see Western blot
analysis section).

For the deglutathionylation assay, BAM1 was treated with 1 mm
GSSG, and after 1h it was desalted through a NAPS column in
100 mm Tricine pH 7.9. Then, BAM1 was incubated for 30 min
with 0.5mwm DTT; 2mwm GSH; 2mwm GSH; and 1uM A. thaliana
GRX C5 or 1 uM P. tremula x tremuloides GRX S12. The incubation
was stopped by the addition of nonreducing loading buffer for
SDS-PAGE and then analyzed on Western blot with a-GSH anti-
bodies (see Western blot analysis section).

To assay inhibition caused by loss of GSH, pre-reduced samples
of BAM1 treated with 1 mwm GSSG or 0.5 mm H,0, plus 2.5 mm GSH
at 25 °C were desalted after 1 h through NAP5 column. Desalted
samples were incubated at 37 °C and the activity was assayed at
the indicated time points and normalized on the activity of
BAM1 at O min.

To assess the reactivation of BAM1, the enzyme was treated
with 1 mwm GSSG for 1h, then desalted through a NAPS column
in 100 mu Tricine pH 7.9, and incubated at 37 °C for 90 min to in-
duce the inhibition. Then, inhibited BAM1 was incubated at 25 °C
for 1 h in the presence of 60 mm or 0.5 mm DTT; 0.5 mm DTT and
1 uM A. thaliana TRX f1; GSH 2 mwm; GSH 2 mm and 1 uM A. thaliana
GRX C5 or 1 uM P. tremula x tremuloides GRX S12.

Quantification of released GSH in BAM1 medium

The amount of GSH released from glutathionylated BAM1 was de-
termined, as described in Gurrieri et al. (2019). In brief, BAM1 was
treated with 1 mwm GSSG for 1 h at room temperature and then de-
salted in 100 mm Tricine pH 7.9 through NAPS column. After
90 min of incubation at 37 °C, protein samples were filtered
using Amicon Ultra (Millipore, 10kDa cutoff) and soluble
thiols were quantified in the flow-through by incubation for
15 min with 0.1 mm DTNB at room temperature. The number
of released thiols was calculated from the absorbance of 2-nitro-
5-thiobenzoate(thiolate)dianion (e41onm 14,150 v~ cm™) and ex-
pressed as a molar ratio to the concentration of pre-filtered BAM1.

Plant material

To test the regulatory role of GSH on BAM1 in vivo, Arabidopsis
plants with reduced GR 2 activity were analyzed. GR2 has a double
localization in chloroplast and mitochondria (Creissen et al. 1995;
Chew et al. 2003), and knockout mutants are embryo lethal.
Therefore, we took advantage of 2 Arabidopsis lines with reduced
levels of GR2 activity, i.e. epc-2 and miao. The epc-2 mutant has
been generated by Marty and colleagues (2019), this line is a gr2
knockout plant complemented by a very low GR2 expression in
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plastids, while the miao line bears a missense mutation that se-
verely impairs GR2 activity (Yu et al. 2013).

Wild type (Columbia-0), baml, miao, and epc-2 plants were
grown on soil in a growth chamber at a constant temperature of
22 °C and 12 h/12 h light/dark cycle. The light intensity was of
100 to 120 umol photons m™2 s™1. Seeds were stratified at 4 °C for
3 days before being placed in the growth chamber. baml seeds
were selected in Valerio et al. (2011). Plants were collected at the
6-leaf stage, corresponding to 18-day old plants on average; at
this stage, the expression of BAM1 is confined to guard cells
(Valerio et al. 2011).

In-gel amylolytic activity

Soluble proteins were extracted in 100 mm MOPS pH 7.2, 1 mm
EDTA, 10% glycerol, 5 mm B-mercaptoethanol, and 1 mwm phenyl-
methylsulfonyl fluoride using a pestle and a 1:2 fresh weight:
extraction buffer ratio. Insoluble material was pelleted at
13,000 x g for 15 min at 4 °C. Soluble protein concentration was
quantified by Bradford assay (Bradford 1976).

A part of protein extracts was treated with 20 mm DTT and in-
cubated for 1 h at room temperature. Then 40 ug of soluble pro-
teins from untreated and treated extracts were mixed with
native loading buffer (60 mm Tris pH 6.8; 10% glycerol; and
0.0025% bromophenol blue) and loaded onto a 7.5% acrylamide
gel containing 0.1% (w/v) amylopectin from potato starch
(Merck). Gels were run at 25 mA for 2 h in ice. After separation,
gels were washed in 100 mm Tris-HCl pH 7; 1 mwm MgCly; and
1mwm CaCl, for 15 min and subsequently incubated for 4h at
37 °C in the same buffer. After the incubation, gels were washed
with bidistilled water and stained with Lugol’s solution (0.33% I,
and 0.66% KI).

Western blot analysis

To test the glutathionylation of BAM1 after 0.5 mm H,0, plus
2.5mum GSH or 1mm GSSG treatment, 2 ug of protein sample
were taken from incubations and were separated on nonreducing
SDS-PAGE at 12.5% acrylamide. Proteins were transferred from
gel to 0.2 ym nitrocellulose membrane using TransBlot Turbo sys-
tem (Bio-Rad). Glutathionylation was tested using 1:1,000 a-GSH
monoclonal antibodies (101-A, Virogen) and 1:2,500 peroxidase-
conjugated a-mouse, diluted in 20 mm Tris pH 7.4, 0.9% NacCl,
and 0.1% Tween-20 (TBST), 3% nonfat skim milk. After the trans-
fer, the membrane was blocked with 3% nonfat skim milk for 1 h
in TBST, then incubated overnight with o-GSH antibodies at 4 °C.
The following day, the membrane was washed with 3% nonfat
skim milk for 1h in TBST and incubated with peroxidase-
conjugated a-mouse antibodies for 3 h, then washed with 3% non-
fat skim milk in TBST. The chemiluminescence signal was de-
tected using the Amersham ECL Western Blotting Detection
Reagent (Cytiva) on ImageQuant LAS 500 (Cytiva).

For the detection of BAM1 protein levels, Arabidopsis extracts
were prepared as mentioned earlier, then 40 ug of total soluble
protein were loaded on SDS-PAGE. The o-BAM1 antibody
(Agrisera) was diluted at 1:7,500 and secondary antibody a-rabbit
at 1:10,000.

Guard cell starch quantification

Epidermal peels were collected from leaves at 11 h of darkness
and 1 and 3 h of light, incubated in fixing solution (50% methanol
and 10% acetic acid) overnight at 4 °C. Samples were rinsed
in bidistilled water 2 times, and the starch was stained with
Lugol’s solution prior to visualization using a light microscope

(Nikon, SMZ1000). The starch granule area was calculated using
ImageJ software (Schneider et al. 2012).

Stomatal aperture

For stomatal aperture measurement, a fully developed leaf was
cut at the indicated time points from each plant and fixed on
double-sided tape attached to the glass slide. The abaxial epider-
mis of each sample was obtained by removing the rest of the leaf
with a scalpel. The epidermis on the slide was washed with 3 ml of
10 mm MES pH 6.15 to remove cell debris and pictures of stomata
were immediately taken at 40x magnification (Nikon, SMZ1000).
The obtained pictures were analyzed using ImageJ (Schneider
etal. 2012). A total of 60 to 80 stomata were measured from 3 bio-
logical replicates at each time point.

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries under accession numbers NM113297.3/
QOLIR6.
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