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Abscisic acid (ABA) increases reactive oxygen species (ROS) in guard cells to close Arabidopsis (Arabidopsis thaliana) stomata. In
tomato (Solanum lycopersicum), we find that ABA-increased ROS is followed by stomatal closure and that both responses are
blocked by inhibitors of ROS-producing respiratory burst oxidase enzymes. ABA-induced ROS sensor fluorescence accumulates
in the nucleus, chloroplasts, and endomembranes. The accumulation of flavonol antioxidants in guard cells, but not surrounding
pavement cells, was visualized by confocal microscopy using a flavonol-specific fluorescent dye. Decreased flavonols in guard
cells in the anthocyanin reduced (are) mutant and elevated levels in the anthocyanin without (aw) mutant were quantified by
confocal microscopy and in leaf extracts by mass spectrometry. Consistent with flavonols acting as antioxidants, higher levels
of ROS were detected in guard cells of the tomato are mutant and lower levels were detected in aw both at homeostasis and after
treatment with ABA. These results demonstrate the inverse relationship between flavonols and ROS. Guard cells of are show
greater ABA-induced closure than the wild type, reduced light-dependent guard cell opening, and reduced water loss, with aw
having opposite responses. Ethylene treatment of wild-type tomato plants increased flavonol accumulation in guard cells;
however, no flavonol increases were observed in Neverripe (Nr), an ethylene receptor mutant. Consistent with lower levels of
ROS due to elevated flavonols, ethylene treatments decreased ABA-induced stomatal closure in the wild type, but not Nr, with
ethylene responses attenuated in the are mutant. Together, these results are consistent with flavonols dampening the ABA-
dependent ROS burst that drives stomatal closure and facilitating stomatal opening to modulate leaf gas exchange.

Reactive oxygen species (ROS) have historically been
considered damaging agents within cells; however,
recent studies have demonstrated that these molecules
also serve as second messengers in signaling pathways
(Gilroy et al., 2016; Choudhury et al., 2017). ROS signals
control plant growth and development, including
gravitropism (Cervantes, 2001; Joo et al., 2001), guard

cell physiology (Mittler and Blumwald, 2015; Sierla
et al., 2016; Singh et al., 2017), and modulation of root
architecture (Foreman et al., 2003; Maloney et al., 2014;
Li et al., 2015; Orman-Ligeza et al., 2016). The reactive
nature of ROS allows these compounds to function as sig-
naling molecules by reversibly oxidizing Cys residues in
proteins, modulating enzyme structure or activity (Poole
et al., 2004; Poole andNelson, 2008;Choudhury et al., 2017).
If ROS reach damaging levels within the cell, the resulting
oxidative stress can cause irreversible oxidative mod-
ifications of proteins, DNAmolecules, andmembranes
(Mittler, 2002; Asada, 2006; Van Breusegem and Dat,
2006; Choudhury et al., 2017). Therefore, ROS homeostasis
is highly regulated in plant cells by enzymatic and small-
molecule antioxidants, such as ascorbic acid, glutathione,
and flavonoids (Rice-Evans et al., 1997; Heim et al., 2002;
Sharma et al., 2012; Baxter et al., 2014; Inupakutika et al.,
2016; Singh et al., 2016). This work explores the role of
flavonol antioxidants in modulating signaling-induced
ROS in guard cells.

In both plants and animals, ROS can be generated by
respiratory burst oxidases (RBOH)/NADPH oxidase
enzymes, which reside in the plasma membrane (Mustilli
et al., 2002; Yoshida et al., 2002; Swanson and Gilroy,
2010). RBOH produces superoxide, which can be con-
verted spontaneously or enzymatically into hydrogen
peroxide (H2O2; Steinhorst and Kudla, 2013). The ac-
tivity of RBOH is induced by hormones, such as ABA
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(Pei et al., 2000; Jiang and Zhang, 2002), and abiotic
stress, such as high light (Karpi�nski et al., 2013). ROS
produced by RBOH have been shown to function in
numerous signaling pathways in Arabidopsis (Arabi-
dopsis thaliana), due to the availability of null mutants
in genes encoding RBOH enzymes (Suzuki et al.,
2011). These mutants have been used to demonstrate
the importance of a ROS burst in guard cell signaling
(Kwak et al., 2003; Chater et al., 2015).

RBOH production of ROS in guard cells occurs in
response to ABA signaling, triggering a complex sig-
naling cascade to close stomata (Assmann and Jegla,
2016; Balmant et al., 2016; Jezek and Blatt, 2017). In re-
sponse to environmental stress, such as drought, ABA
levels increase in guard cells, where they bind to a soluble
receptor to trigger stomatal closure (Hornberg andWeiler,
1984; McCourt and Creelman, 2008). The activated ABA
receptor inhibits protein phosphatases, resulting in the
increased activity of several enzymes, including RBOHs,
as a result of enhanced phosphorylation (Mustilli et al.,
2002; Yoshida et al., 2002;Ma et al., 2009; Park et al., 2009).
RBOH activation results in a transient burst of ROS in
guard cells (Pei et al., 2000; Jiang and Zhang, 2003;
Sierla et al., 2016). The ROS burst opens calcium ion
influx channels (McAinsh et al., 1996; Allen et al., 2000;
Blatt et al., 2007; Mittler and Blumwald, 2015; Minguet-
Parramona et al., 2016), which, in turn, activate ion efflux
channels on the plasma membrane. These ion concen-
tration changes lead to the efflux of water, so guard cells
become flaccid, causing stomatal closure (Hedrich et al.,
1990; Schroeder and Hagiwara, 1990; Chen et al., 2010;
Wang et al., 2013).

Plant cells employ multiple mechanisms to regulate
the levels of ROS to modulate signaling and prevent ox-
idative stress. One mechanism is the synthesis of flavonol
metabolites that function as antioxidants in vitro (Rice-
Evans et al., 1997; Gayomba et al., 2017) and have been
shown tomodulate ROS-regulated root growth in tomato
(Solanum lycopersicum;Maloney et al., 2014) and guard cell
signaling in Arabidopsis (Watkins et al., 2014; An et al.,
2016). Flavonols are early intermediates in the flavonoid
biosynthetic pathway, which gives rise to a variety of
important specialized metabolites (Winkel-Shirley, 2001;
Buer et al., 2010). Figure 1 contains a diagram of this fla-
vonoid biosynthesis pathway in Arabidopsis and tomato
(Winkel-Shirley, 2001; Lepiniec et al., 2006). Tomato plants
accumulate high levels of two flavonols, kaempferol and
quercetin, and several others,which can be decoratedwith
a diversity of carbohydrate modifications (Ballester et al.,
2010). Mutants with defects in flavonol synthesis have
helped define the pathway and can be used to understand
how tomato guard cells regulate flavonol antioxidant
synthesis tomodulate levels of ROS in this important crop
species.

Rapid and profound changes in flavonol accumula-
tion can occur in response to changing environmental
parameters and growth and developmental signals
(Winkel-Shirley, 2002; Gayomba et al., 2017). Environ-
mental stress, such as high light and drought, can cause
increased synthesis of flavonols, providing an important

mechanism to control stress-induced ROS synthesis
(Tattini et al., 2004; Lepiniec et al., 2006; Hichri et al.,
2011). This pathway also is hormonally regulated; auxin
and ethylene have been shown to increase flavonol
synthesis through changes in expression of the genes
encoding pathway enzymes (Buer et al., 2010; Lewis
et al., 2011). Ethylene-induced flavonol synthesis re-
duced ROS in Arabidopsis guard cells, altering stomatal
closure (Watkins et al., 2014).

The role of ROS signaling in guard cells is well
established in Arabidopsis (Mittler and Blumwald,
2015; Sierla et al., 2016; Singh et al., 2016), but less is
known about these signaling molecules and their reg-
ulation in agricultural species because of the limited
number of mutants that have altered ROS homeostasis.
Given the essential function of guard cells in regulating
gas exchange and water loss, a better understanding of
how crop plants mediate ROS signaling is essential to
improving crop health, productivity, and ability to deal
with stressful growth environments. In tomato guard
cells, increases in ROS accumulation in response to path-
ogen infections (Lee et al., 1999), hormone signaling (Xia
et al., 2014; Farber et al., 2016), andCO2 concentrations (Shi
et al., 2015; Yi et al., 2015) have been linked to stomatal
closure; however, it is not clear that guard cell closure in
this species works through an ABA-induced ROS burst, as
observed in Arabidopsis. Additionally, the antioxidant
networks in tomato guard cells that regulate ROS sig-
naling remain uncharacterized.

This study examined the role of ROS signaling in
modulating stomatal closure in the important agricultural
species of tomato. ABA-induced ROS bursts were shown
to precede and be required for stomatal closure in wild-
type guard cells and to have distinct localizations within
these cells. Flavonol antioxidants accumulate in tomato

Figure 1. The flavonol biosynthetic pathway in tomato is illustrated,
showing enzymatic steps and indicating tomato anthocyanin mutant
names. ANS, Anthocyanidin synthase; CHI, chalcone isomerase; CHS,
chalcone synthase; DFR, dihydroflavonol reductase; F3H, flavanone
3‐hydroxylase; F39H, flavonoid 39‐hydroxylase; F3959H, flavonoid 39,59‐
hydroxylase; FLS, flavonol synthase; OMT1, flavone 39‐O‐methyltransferase
1. Tomato mutants are anthocyanin reduced (are) and anthocyanin without
(aw). This figure is modified from Gayomba et al. (2017).
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guard cells but were not detected in surrounding pave-
ment cells. To test the function of flavonols in tomato
guard cells, mutants with both elevated and depleted
levels of flavonols, but with similar changes in early and
late pathway intermediates, were examined. An inverse
relationship between flavonols and ROS was observed in
tomato mutants, which resulted in altered stomata clo-
sure in response toABA and stomata opening in response
to light. Alteredflavonol levels inmutant guard cellswere
accompanied by altered water loss in whole leaves, con-
sistent with flavonols modulating ABA-dependent sto-
matal closure. Treatment of seedlings with ethylene
resulted in significant increases in flavonols in the wild
type but not in an ethylene signaling mutant, Neverripe
(Nr). This hormonal elevation of flavonols, like mutants
with elevated flavonols, reduced ROS levels and altered
ABA-dependent guard cell closure. These results showed
that altering levels of flavonol antioxidants in guard cells
through hormone treatment or mutations in flavonol bi-
osynthesis alters ABA-dependent ROS accumulation and
stomatal closure.

RESULTS

Guard Cells Show Localized Signal from ROS Sensors

To determine the role of ROS in tomato guard cell sig-
naling,weoptimizedmethods for the visualizationofROS
using two ROS sensors. Fluorescence intensity of the oxi-
dized ROS sensor CM 29,79-dihydrodichlorofluorescein
diacetate (CM H2DCF-DA; Halliwell and Whiteman,
2004; Swanson et al., 2011) was quantified by laser scan-
ning confocal microscopy (LSCM). This sensor reports
intracellular ROS, as it crosses the plasma membrane and
the diacetate functional group is cleaved by intracellular
esterases, trapping CM H2DCF in cells. The settings used
to image DCF were carefully defined to separate the
chlorophyll autofluorescent signal from DCF in leaf peels
isolated from the basal surface of tomato leaves. Figure 2A
shows the DCF channel alone (green) and the overlay of
DCF on top of the chlorophyll signal (magenta). DCF
fluorescence was brightest in the nucleus, with this local-
ization verified by Hoechst fluorescence, which overlaps
this DCF signal (Supplemental Fig. S1), but also was ob-
served in punctate structures that resembled endomem-
branes and in or overlaying chloroplasts.
In contrast to the uniform DCF fluorescence in the

nucleus, the chloroplast-associated DCF signal is uneven,
as is evident in the pink, green, and white signals asso-
ciated with the chloroplast. To resolve this complex pat-
tern, we examined the individual slices fromZ-stacks and
performed a colocalization analysis on the maximum in-
tensity projections (Supplemental Fig. S2). It is clear from
individual Z-slices thatmuch of theDCF signal surrounds
the chloroplast, while other parts of the signal are inside
chloroplasts. We sampled a region of the nucleus and
three guard cell chloroplasts and used the ZEN colocali-
zation module. The resulting graphs of pixel intensity
from the chlorophyll and DCF channels plotted on each
axis were generated from three chloroplasts and the

nucleus. DCF and chlorophyll signals in the nucleus do
not colocalize (weighted colocalization coefficient of 0),
while the majority of the pixels in the three chloroplast
regions of interests contain both DCF and chlorophyll
signal (weighted colocalization coefficients of 1, 0.96,
and 0.78, respectively), consistent with DCF signal
dispersed throughout the chloroplast and in what
appear to be endomembrane regions of the guard cells.
This level of resolution is beyond prior reports in
Arabidopsis guard cells (Kwak et al., 2003; Watkins
et al., 2014; Arnaud et al., 2017; Wu et al., 2017), sug-
gesting important subcellular localization of ROS
synthesis, which can now be revealed with new LSCM
imaging capability. It is important to note that the
presence of fluorescence indicates that oxidized DCF ac-
cumulates in specific subcellular locations, which is con-
sistentwithDCFdiffusion into the distinct compartments
followed by oxidization by local ROS. It is also possible
that localized signal is due to dye permeability and lo-
calized sequestration.

To complement the DCF imaging experiments and to
further definewhich ROS are accumulating in guard cells,
we used a second dye, Peroxy Orange1 (PO1). PO1 has
different structural and chemical characteristics, which
make thismore reactivewithH2O2 anddefinedye uptake,
accumulation, and sequestration (Dickinson et al., 2010).
The settings used to image PO1 were carefully defined to
separate the chlorophyll autofluorescent signal from PO1
in leaf peels isolated from the basal surface of tomato
leaves (Fig. 2B). The patterns of PO1 accumulation mirror
those of DCF, with signal in the nucleus, chloroplast, and
cytoplasmic puncta. This similar pattern with two differ-
ent ROS sensors strengthens the possibility that we are
detecting localized ROS accumulation.

ABA-Induced ROS Accumulation in Tomato Guard Cells
Is Required for Stomatal Closure

We used two approaches to examine the connection
between RBOH-produced ROS and stomatal closure in
tomato. First, we compared the kinetics of ABA-induced
ROS generation with ABA-induced stomatal closure.
Whole wild-type leaves were excised and placed in a
stomatal opening buffer for 3 h under white light fol-
lowed by incubation with 20 mM ABA for 0, 15, 30, and
45 min. ABA treatment increased DCF fluorescence to
2-fold higher than starting levels by the end of the
45-min time course after ABA treatment (Fig. 2, C and
D). The increase in fluorescence in the entire guard cell
was quantified, and all time points were significantly
different from the time-0 control, as determined using
two-way ANOVA followed by Tukey’s posthoc test in
at least 70 guard cells per time point over two separate
experiments. The DCF fluorescence is stable across this
time course in a mock-treated sample, with average
fluorescence of 10,342 versus 10,513 after 0- and 45-min
incubations, respectively.

We also quantified subcellular increases in DCF flu-
orescence after ABA treatment. Signal is elevated in the
nucleus, overlaying chloroplasts, andmost strikingly in
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Figure 2. ABA-induced ROS burst in guard cells precedes stomatal closure in wild-type tomato leaves. A, Confocal micrographs
of DCF fluorescence guard cells, with DCF signal in green and chlorophyll autofluorescence in magenta. B, Confocal
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the punctate structures. DCF fluorescence increased
steadily in the nuclei and in nonnuclear regions at each
time point after ABA treatment, with 2.9- and 4.3-fold
increases in DCF fluorescence between 0 and 45 min of
ABA treatment, respectively (Fig. 2E). The greatest
magnitude increase in DCF fluorescence was observed
in the punctate structures, which showed a 13.6-fold
increase after 45 min of ABA treatment. The signal in
these structures also increased more rapidly, with a 6.6-
fold increase at 15 min after treatment. Additionally, we
observed an increase in the number of these DCF puncta
in response toABA,with a greater than 10.1-fold increase
within 15 min after ABA treatment (Fig. 2F).
To determine if the ABA-induced ROS burst precedes

ABA-dependent stomatal closure, we measured sto-
matal apertures at the same time points. After each
treatment, epidermal peels were generated, stained
with Toluidine Blue O, and imaged with bright-field
microscopy. The aperture widths of at least 70 stomata
at each time point over two separate experiments were
quantified (Fig. 2D). We observed no significant dif-
ference in stomatal apertures after 15 min of ABA
treatment; however, 30 and 45 min of ABA treatment
resulted in significant decreases in stomatal aperture to
74% and 63% relative to time 0, respectively. No signif-
icant change was observed after 45 min of mock treat-
ment, where stomatal aperture was 5.1 mm as compared
with 5.2 mm for time 0 and 45 min, respectively.
To directly test whether RBOH-produced ROS drives

stomatal closure, we blocked RBOH activity with the
inhibitor diphenyleneiodonium chloride (DPI; Osaki
et al., 2011), which reduces ROS levels and guard cell
closure in Arabidopsis (Alvarez et al., 1998; Pei et al.,
2000; Singh et al., 2017). Excised leaves were placed in
stomatal opening solution with and without 100 mM

DPI under white light for 3 h, with samples imaged
directly or after the addition of ABA for 45 min. DPI
treatment prevented the ROS burst after ABA treatment
and led to slight, but significant, decreases in DCF
signal in resting guard cells compared with the ab-
sence of DPI (Fig. 2G). Consistent with DCF-reported
ROS changes, ABA-induced stomatal closure also
was blocked by treatment with DPI, while it had no
effect on fully open guard cells in the absence of ABA
treatment (Fig. 2H). Together, these findings suggest
that, in tomato, ABA-induced ROS bursts in guard

cells precede and are required for ABA-induced sto-
matal closure.

Flavonols Accumulate in Guard Cells, with Altered
Levels in Tomato Anthocyanin Mutants

To ask if flavonols accumulate in guard cells of to-
mato leaves, we used diphenylboric acid 2-aminoethyl
ester (DPBA). DPBA is a fluorescent dye that binds to
kaempferol and quercetin and their glycosides in the
wild type but shows no signal in flavonol-deficient
mutants (Lewis et al., 2011). DPBA has been used to
image flavonol accumulation in roots and guard cells of
Arabidopsis (Brown et al., 2001; Peer et al., 2001; Lewis
et al., 2011; Watkins et al., 2014). Confocal images gen-
erated using spectral imaging of the basal surface of
whole tomato leaves show DPBA fluorescence in the
yellow channel and chlorophyll autofluorescence in the
magenta channel. Flavonol accumulation is present in
guard cells but not in the surrounding pavement cells,
consistent with guard cell-specific accumulation of
flavonols (Fig. 3A). DPBA fluorescence appeared
brightest in a region that was of the position and size
of a guard cell nucleus. The fluorescence of DPBA and
Hoechst, a nucleic acid stain, in the same guard cells
overlaps, consistent with the nuclear accumulation of
flavonols (Supplemental Fig. S1). DPBAfluorescence also
is observed in nonnuclear regions of guard cells. To ask if
this accumulation is in the vacuole or cytoplasm, we
used the vacuole dye Acridine Orange, as shown in
Supplemental Figure S3. Unfortunately, DPBA and
this dye were not chemically and optically compatible,
so they had to be imaged in separate guard cells. These
images suggest that DPBA is found in both the cyto-
plasm and vacuole, but parallel imaging cannot make
this point conclusively.

We examined two tomato mutants with altered ac-
cumulation of anthocyanins, which are products of the
flavonoid pathway. The mutant are has a defect in the
gene encoding F3H (Fig. 1), resulting in reduced fla-
vonols in the hypocotyls and roots of young seedlings
(Yoder et al., 1994; Maloney et al., 2014). The mutant aw
has a defect in the gene encoding DFR, which uses
dihydroflavonols as substrates in the first step of an-
thocyanin biosynthesis, so the defect in this enzyme
results in increased levels of flavonols and the absence

Figure 2. (Continued.)
micrographs of PO1 fluorescence in guard cells, with PO1 signal in blue and chlorophyll autofluorescence in magenta. C,
Increases in DCF fluorescence visualized in guard cells across a 45-min time course of ABA treatment in the Ailsa Craig (AC)
genotype. D, DCF fluorescence in entire guard cells and stomatal aperture shown as a function of time after treatment with 20 mM

ABA. Asterisks and number signs represent significant differences in DCF fluorescence (P , 0.001) and stomatal aperture
(P, 0.009) between time 0 and the indicated times or between untreated and treated, respectively. E, DCF signal was quantified
in specific regions separately as a function of time after ABA treatment in 30 guard cells. Asterisks represent significant differences
in DCF fluorescence (P, 0.001) between time points within a cellular location. F, The number of puncta was quantified as time
after ABA treatment in 30 guard cells. Asterisks represent significant differences in the number of puncta per guard cell (P, 0.01)
between time points. G and H, DCF fluorescence (G) and stomatal aperture (H) were quantified with and without 100 mM DPI at
0 and 45min of treatmentwith ABA. Asterisks and number signs represent significant differences in DCF fluorescence (P, 0.001)
and stomatal aperture (P , 0.001) between time 0 and the indicated times or between untreated and treated, respectively.
Statistics were determined using two-way ANOVA followed by Tukey’s posthoc test. n = 70. Bars = 5 mm.
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of anthocyanins (Goldsbrough et al., 1994; Ballester
et al., 2010; Maloney et al., 2014). DPBA fluorescence
was examined by LSCM, and representative images are
shown in Figure 3, B and C. We quantified fluorescence
in 90 guard cells over three separate experiments. Fla-
vonol accumulation in the nucleus and a nonnuclear
region of are guard cells was at 52% and 59% of the
levels in the parental line, VF36, respectively (Fig. 3D).
Flavonol accumulation was 1.5- and 1.8-fold higher in
the nucleus and nonnuclear regions of awmutant guard
cells than VF36, respectively. The flavonol levels in the
two wild types cannot be compared directly, nor can the
magnitude of the difference in the mutants relative to
theirwild-type parents, aswe optimized confocal images
for each panel separately to obtain maximal signal for
comparison of the mutants with their parental lines.

We employed high-pressure liquid chromatography-
mass spectroscopy (LC-MS) to quantify concentrations
of flavonols in fully expanded leaves to demonstrate
that DPBA fluorescence accurately reported changes in
the abundance of flavonols in the are and aw mutants
grown under these conditions. Hydrolyzed flavonol
samples were extracted from 27 fully expanded leaves
of 5-week-oldVF36, are, AC, and aw plants and analyzed to
examine the total pools of naringenin, a flavonol precursor,
and the flavonols kaempferol and quercetin (Table I).
Naringenin levels in arewere significantly higher than in the
wild type due to the mutation in the F3H gene in are, while
kaempferol and quercetin were significantly lower in are
compared with the wild type. The awmutant had 3.1- and
1.4-fold higher levels of naringenin and quercetin, respec-
tively, with a significant 7.6-fold increase in kaempferol.
These measurements show similar trends to the localized
accumulation offlavonols, as judgedbyDPBAfluorescence
intensities, in the guard cells of each mutant.

Flavonol Accumulation in Guard Cells Modulates
ROS Homeostasis

We observed steady-state ROS levels in guard cells of
tomato flavonoid mutants are and aw by imaging DCF
fluorescence to ask if altered flavonol levels in these
guard cells would modulate ROS. Epidermal peels
were generated from freshly excised leaves and stained
with CM H2DCF-DA. Confocal micrographs of leaf
peels of the basal surface of tomato leaves show DCF
fluorescence present in the nucleus and nonnuclear area
of guard cells, with higher levels of DCF fluorescence

Figure 3. Tomato anthocyanin mutants have altered levels of flavonol
accumulation in guard cells. Confocal micrographs show DPBA-bound

flavonols in yellow and chlorophyll autofluorescence in magenta. A,
DPBA fluorescence was visualized in a whole leaf. B and C, DPBA
fluorescence and chlorophyll autofluorescence were examined in to-
mato guard cells in are and aw mutant guard cells and their wild-type
parental lines, VF36 and AC, respectively. D, Quantifications of relative
DPBA fluorescence in 90 samples from three separate experiments.
Asterisks represent significant differences (P , 0.001) between the
mutant and the wild type within a cellular location. Statistics were
determined using two-way ANOVA followed by Tukey’s posthoc test.
n = 90. Bars = 5 mm.
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found in nuclei (Fig. 4, A and B). ROS accumulationwas
inversely proportional to flavonol accumulation in are
and aw. The nonnuclear area of are guard cells had a 1.5-
fold higher level of DCF fluorescence than the wild
type. The aw mutant had DCF fluorescence levels that
were 58% of its parental genotype (Fig. 4C). Together,
these results demonstrate that flavonol concentrations
are inversely proportional to ROS levels across these
four genotypes, suggesting that flavonols act as anti-
oxidants in tomato guard cells.
We also quantified subcellular steady-state H2O2 levels

in VF36 and are using PO1, a fluorescent sensor used for
imaging H2O2 (Fig. 5). PO1 fluorescence quantified from
whole guard cells was 1.7-fold greater in are compared
with VF36 (Fig. 5B). PO1 fluorescence was observed in
punctate structures that resembled endomembranes and
associated with chloroplasts, similar to the fluorescence
pattern observed with DCF staining. PO1 fluorescence
was greater in each subcellular location in are compared
with VF36, with 1.4-, 2-, and 1.9-fold increases in nuclear,
nonnuclear, and punctate structures, respectively (Fig.
5C). Additionally, we observed a 5.9-fold increase in
the number of these PO1 puncta in are (Fig. 5D).

Flavonols in Guard Cells Modulate ABA-Induced
Changes in ROS and Stomatal Closure

The effect of altered accumulation of flavonol antioxi-
dants on the kinetics of ABA-induced DCF accumulation
and stomatal closure was examined in the flavonoid
mutants. Whole leaves of are and aw and their respective
backgrounds were excised and incubated in stomatal
opening buffer for 3 h under white light followed by
treatment with 20 mMABA for 0, 15, 30, and 45 min. After
each treatment, epidermal peels were generated and
stained with CM H2DCF-DA (Fig. 6, A and B). Confocal
micrographs show no significant differences in DCF flu-
orescence levels in any genotype after 0 min of ABA
treatment due to the incubation in stomatal opening
buffer. After treatment with ABA, increases in DCF fluo-
rescence were observed in wild-type and mutant guard
cells, with levels inversely proportional to flavonol levels
(Fig. 6, A and B). Quantification of DCF fluorescence (in at
least 30 guard cells) increased across the 45-min time
course of ABA treatment as determined by two-way

ANOVA followed by Tukey’s posthoc test. The slope of
the entire time course is more than 2-fold greater in are
than in VF36 (R2 . 0.98), while the slope of AC is 1.8-fold
faster than in aw (R2 . 0.97; Fig. 6B). As the DCF fluo-
rescence change is most rapid between 0 and 15 min, we
also examined the initial velocities of these lines. The initial
velocities were higher in are compared with VF36, show-
ing a 2.5-fold increase in slope.Additionally, the initial rate
of DCF fluorescence increase was significantly slower in
aw, with a slope that is 38.6% slower than that in AC.

To analyze the effects of ABA-induced ROS accu-
mulation on stomatal closure, we excised whole leaves
of are and aw and their respective parental lines and
performed an identical ABA time course. The aperture
widths of at least 90 stomata at each time point for two
separate experiments were quantified. Stomata from
untreated leaves showed an average opening of 5 mm
for both the wild type and mutants (Fig. 6C). In the
guard cells of are leaves, which have a lower concen-
tration of flavonols and more ROS, we observed a 1.5-
fold greater rate of stomatal closure in are in response to
ABA treatment over the entire time course compared
with the wild type, with a 3-fold increase in initial ve-
locities in are as compared with VF36. In guard cells of
aw leaves, which have greater flavonol levels and less
ROS, we observed a significant reduction in slope, with
1.5-fold greater ABA response in AC than in aw (Fig.
6D). Initial velocities showed a 2.7-fold increase in AC
and aw. The stomata of aw did not show a significant
difference in closure until 30 min of ABA compared
with time 0, which is consistent with DCF fluorescence
intensities in aw in response to ABA (Fig. 6F). These
results reinforce the model that ROS bursts precede
ABA-induced stomatal closure and illustrate the in-
verse relationship between the levels of flavonols and
ROS that we observed in are and aw, which are linked to
altered rates of ABA-dependent stomatal closure.

Guard Cell-Localized Flavonol Accumulation Facilitates
Stomatal Opening in Response to Light

Stomatal aperture also was examined in the flavo-
noid mutants to determine how flavonols impact the
guard cell response to light-dependent opening. Ex-
cised leaves of are and aw and their respective parental

Table I. Quantification of flavonoids from fully expanded leaves from 4- to 5-week-old tomato plants

Quantification of flavonoids is shown from fully expanded leaf tissue by LC-MS. Average values 6 SE are presented in pmol g21 fresh weight.
Samples were analyzed from three different biological replicates using three technical replicates on three different occasions, resulting in n = 18 for
naringenin in VF36 and n = 27 for naringenin for are; kaempferol and quercetin have n = 27 for the wild type and are. Naringenin has n = 12 for AC
and n = 16 for aw; kaempferol and quercetin have n = 24 for the wild type and aw. Asterisks indicate significant differences from the wild type as
indicated by Student’s t test (***P , 0.001, **P , 0.01, and *P , 0.05).

Flavonoid VF36 are Ratioa AC aw Ratiob

Naringenin 0.70 6 0.16 11.4 6 1.5 *** 16.3 6 2.1 2.37 6 0.76 7.29 6 1.20 3.1 6 0.5
Kaempferol 3,812 6 515 118.0 6 7.2*** 0.03 6 0.002 1,567 6 348 11,912 6 1,332** 7.6 6 0.9
Quercetin 54,931 6 7,209 20,383 6 2,371* 0.37 6 0.04 59,005 6 8,109 84,264 6 7,512 1.4 6 0.1

aRatio represents the mutant are values divided by the wild-type values. bRatio represents the mutant aw values divided by the wild-type values.
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lines were incubated in the dark in the presence of
20 mM ABA for 3 h to fully close stomata before being
transferred to stomatal opening buffer without ABA in
the light for 45 min. The aperture widths of at least
30 stomata at each time point for three separate exper-
iments were quantified. Stomata from dark-adapted
leaves showed an average opening of 1 mm for both
the wild type and mutants (Fig. 7A). In the guard cells
of are leaves, which have a lower concentration of fla-
vonols and more ROS, we observed reduced stomatal
opening in response to light compared with the wild
type, with average aperture values of 2.5 and 3.9mm for
mutant and parental lines, respectively. In guard cells
of aw leaves, which have greater flavonol levels and less
ROS, we observed a significant difference between
genotypes, with more stomatal opening in response to
light in aw compared with the wild type, with apertures
of 3.9 and 4.8 mm, respectively (Fig. 7A). These results
are consistent with flavonols functioning to minimize
ROS, which then allows light-induced stomatal open-
ing to occur more rapidly. Mutants with reduced fla-
vonols maintain the closed state for longer periods of
time.

To determine if there are decreases in ROS that al-
low light-induced guard cell opening, the levels of
DCF were examined in these genotypes using the
same time line of treatment. DCF fluorescence after 3 h
in the dark in ABAwas similar in the wild type and are
but was reduced in aw, consistent with higher anti-
oxidant levels. DCF signal decreased in each genotype
after light treatment (Fig. 7B). In the wild types, DCF
decreased to 78% or 76% of starting levels upon transfer
to the light for VF36 or AC, respectively. The magnitude
decrease was enhanced in the flavonol-elevated mutant
aw to 61% of the starting value and decreased in the
flavonol-reduced mutant are to 92% of its starting value
(Fig. 7C). These results indicate an important role of
flavonols in dampening ROS to allow light-dependent
guard cell opening.

Excised Leaves of Tomato Anthocyanin Mutants Show
Altered Rates of Water Loss That Correspond to
Stomatal Aperture

If flavonols in guard cells function to inhibit ABA-
induced stomatal closure by scavenging ROS, then lower
rates of transpiration would be predicted in are leaves
that have less flavonols and higher rates would be pre-
dicted in aw leaves that have more flavonols (Fig. 8). To
assess the effects of flavonol levels in guard cells on
transpiration, we monitored water loss from excised
leaves over a 40-min time course. Leaves of flavonol-
reduced are exhibited reduced water loss and leaves
of flavonol-elevated aw exhibited enhanced water loss
compared with the parental lines (Fig. 8A), as deter-
mined by two-way ANOVA. This finding is consistent
with flavonol accumulation in guard cells modulating
stomatal aperture, thereby modulating transpiration
rates. Significant differences in water loss between

Figure 4. The levels of DCF fluorescence in guard cells are in-
versely related to the levels of flavonols. A and B, Confocal mi-
crographs showing DCF fluorescence in are and aw and their
parental lines. C, Quantification of relative DCF fluorescence in
90 samples over three separate experiments, with averages 6 SE

reported. Asterisks represent significant differences (P , 0.001)
between the mutant and the wild type within a cellular location.
Statistics were determined using two-way ANOVA followed by
Tukey’s posthoc test. Bar = 5 mm.

1814 Plant Physiol. Vol. 175, 2017

Watkins et al.



tomato plants in the VF36 background and the AC
background also were observed.

Differences in water loss between flavonol mutants
could be due to altered guard cell aperture, different
stomatal density, or larger stomatal size. To separate
these three possibilities, stomatal densities (number of
stomata per 1.5mm2)were determined using epidermal
peels from fully expanded leaves. Quantification of
stomatal densities from three leaves from separate
plants revealed that stomata are found at greater
density on average in VF36 than in AC, which could
explain the enhanced water loss measured in VF36
relative to AC (Fig. 8, B and C). There were no differ-
ences between VF36 and are or between AC and aw,
which is consistent with aperture, rather than stomatal
density, causing altered water loss in the mutants. To
verify that the mutations did not affect the overall size
of stomata, we compared the lengths of stomata from
wild-type and mutant leaves. The length of stomatal
pores was not significantly different between are
(10.8 6 0.3 mm) and its parental line, VF36 (10.5 6 0.2
mm), or between aw (14.2 6 0.3 mm) and its parental
line, AC (13.9 6 0.3 mm). Together, these results show
that enhanced water loss in are and reduced water loss
in aw leaves are consistent with differences in flavonol
levels in guard cells and are not tied to differences in
leaf anatomy or guard cell development.

Ethylene Induces Flavonol Accumulation, Decreases
ROS, and Inhibits Stomatal Closure

The flavonoid biosynthetic pathway is highly regu-
lated, which may be one mechanism by which guard
cell signaling ismodulated to respond to environmental
changes. Elevated ethylene enhances flavonol accu-
mulation in Arabidopsis roots and guard cells (Lewis
et al., 2011; Watkins et al., 2014), so we asked whether
exogenous ethylene treatment would induce flavonol
accumulation in tomato guard cells. We treated intact
Pearson wild-type and Nr tomato plants, which has a
gain-of-function mutation in the ethylene receptor,
yielding ethylene-insensitive plants (Yen et al., 1995),
with and without 5 mL L21 ethylene gas for 24 h. We
then imaged DPBA fluorescence in 30 stomata per
treatment for three separate experiments. In the absence
of exogenous ethylene, guard cells of Nr plants exhibi-
ted a slightly lower, but not significant, difference in
DPBA fluorescence relative to Pearson. In the presence
of ethylene, there was a significant 1.4-fold increase in
DPBA fluorescence in Pearson, but in Nr, there was no
increase in DPBA fluorescence after ethylene treatment
(Fig. 9).

The levels of ROS also were examined in guard cells
of Pearson and Nr plants with and without ethylene
treatment. After exogenous ethylene treatment of whole
plants, leaf peels of Pearson andNrwere stainedwith CM
H2DCF-DA, and DCF fluorescence was quantified using
LSCM. We observed 1.3-fold more DCF fluorescence in
untreated Nr guard cells compared with Pearson (Fig. 9).
Ethylene treatment of Pearson guard cells exhibited 47%

Figure 5. The levels of PO1 fluorescence in guard cells are higher in
are compared with VF36. A, Confocal micrographs showing PO1
fluorescence in VF36 and are. B, Quantification of relative PO1
fluorescence in 30 samples over two separate experiments, with
averages 6 SE reported. The asterisk represents a significant differ-
ence (P, 0.001) between the mutant and the wild type. C, The PO1
signal was quantified in specific regions in VF36 and are in 30 guard
cells. Asterisks represent significant differences in DCF fluores-
cence (P , 0.001) between genotypes within a cellular location. D,
The number of puncta was quantified in VF36 and are in 30 guard
cells. The asterisk represents a significant difference in the number
of puncta per guard cell (P , 0.01) between genotypes. Statistics
were determined using two-way ANOVA followed by Tukey’s
posthoc test. Bar = 5 mm.
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of the DCF fluorescence as compared with untreated
controls, consistent with elevated flavonol antioxidants in
the presence of ethylene. In contrast, DCF fluorescence in
Nr guard cells did not change significantly in response to
ethylene treatment. Together, these results are consistent
with ethylene reducing ROS concentrations in guard cells
by inducing the synthesis of flavonol antioxidants.

To analyze the effect of ethylene-induced flavonols in
tomato guard cells, we observed ABA-induced stoma-
tal closure in Pearson andNrwith andwithout ethylene
treatment. Intact leaves from Pearson and Nr with and
without 24 h of ethylene treatment were excised and
incubated in stomatal opening buffer for 3 h followed
by treatment with 20 mM ABA for 0 or 45 min. The ap-
erture widths of at least 30 stomata at each time point for
three separate experiments were quantified using
ImageJ. Stomata from untreated leaves showed an av-
erage opening of 6 mm for both Pearson and Nr (Fig. 9).
The apertures of Pearson stomata in the absence of eth-
ylene were reduced to 48% of the untreated control by
ABA. Ethylene-treated Pearson, with elevated flavonols,
was less responsive to ABA, which only closed to 20%
of untreated values. Nr stomata showed a greater
closure, consistent with reduced flavonols and greater
ROS, with 66% and 64% stomatal closure in untreated
and ethylene-treated plants, respectively, in response

to ABA treatment. These genotypes have equivalent
stomatal sizes, with Pearson and Nr stomata being, on
average, 14.56 0.3 and 14.86 0.3 mm long, respectively.
The differences in stomatal apertures in response toABA
are consistent with ethylene-induced flavonols reducing
ROS in the wild type, but not Nr, and thereby reducing
the rate of the stomatal closure pathway.

To ask if the effects of ethylene on stomatal aperture
are linked directly to flavonol accumulation in guard
cells, we examined the effects of ethylene treatment on
flavonol levels and ABA-induced stomatal closure in
VF36 and are (Fig. 10). DPBA imaging of guard cells
was performed on VF36 and are leaves treated with and
without 5 mL L21 ethylene gas for 24 h. Similar to our
previous results, we observed greater DPBA fluores-
cence in guard cells of VF36 compared with are, with
1.8-fold higher levels in VF36 in the absence of ethylene
(Fig. 10A). In the presence of ethylene, there was a
significant 1.6-fold increase in DPBA fluorescence in
VF36 and a 1.5-fold increase in are. This yields a 1.9-
fold change in DPBA signal between VF36 and are
after ethylene treatment. We asked whether the effect
of ethylene on guard cell closure also was attenuated
in the are mutant.

To askwhether the ethylenemodulation of the guard cell
aperture acts throughflavonols,we comparedethylene and

Figure 6. Flavonols alter ABA-induced changes in ROS and guard cell closure. A and B, Confocal micrographs of DCF fluorescence
(green) in are and aw and their corresponding backgrounds are shown in the absence and presence of 20mMABA solution for 0, 15, 30,
and 45min. C,DCFfluorescencewas quantified at the indicated times after ABA treatment. Averages6 SE of 40 guard cells per genotype
per treatment time are reported. D and E, Stomatal apertures of leaves of are and aw and their corresponding backgrounds are shown in
the absence and presence of ABA for 45 min. F, The aperture of mutants was measured after ABA treatment at each time point listed
above. Averages6 SE of 90 stomata for eachgenotype and timepoint from two separate experiments are reported. For all graphs, asterisks
and number signs represent significant differences (P, 0.001) between time treated with ABA and time 0 or between mutant andwild
type within the same time point, respectively, using two-way ANOVA followed by Tukey’s post hoc test. Bar = 5 mm.
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ABA responses in VF36 and are. ABA reduced the
aperture of VF36 stomata in the absence of ethylene to
78% of the untreated control, while, in the presence of
ethylene, ABA treatment only reduced closure to 86%
of untreated values (Fig. 10B). The effect of ABA on
untreated are guard cell closure was greater than in
VF36, closing to 61% of untreated values. Consistent
with the hypothesis that ethylenemediates its effect on
closure through flavonols, we observed less response
to ABA in are treated with ethylene, with 74% stomatal
closure in the presence of ethylene (as compared with

86% in VF36). The increase in DPBA fluorescence in are
treated with ethylene likely explains the ethylene ef-
fect on stomatal closure in this mutant. The differences
in ABA-induced stomatal closure and DPBA fluores-
cence in response to ethylene are consistent with ethyl-
ene modulating stomatal closure by inducing flavonol
accumulation in guard cells.

DISCUSSION

ROS signaling has been studied in Arabidopsis, but
less is known about the signaling roles of ROS in agri-
cultural species. In Arabidopsis guard cells, the hor-
mone ABA positively regulates RBOH enzyme activity.
Activated RBOHs rapidly synthesize ROS, which act as
second messengers to induce stomatal closure (Mittler
and Blumwald, 2015; Balmant et al., 2016; Sierla et al.,
2016). To prevent oxidative damage, ROS signaling
must be tightly regulated by small molecule and/or
protein antioxidants so that ROS elevation is transient
and rapidly returns to nondamaging levels, restoring
ROS homeostasis (Conklin et al., 1996; Apel and Hirt,
2004; Gayomba et al., 2017). Even less is known about
the function of these antioxidants in crop species, such
as tomato, which are grown in much harsher environ-
mental conditions than Arabidopsis. The elevated light
and temperature under standard field conditions may
increase antioxidant stress and flavonol levels. In this
study, we asked if tomato uses an RBOH-induced ROS
burst to close stomata and whether flavonol antioxi-
dants modulate ROS levels and ABA-dependent guard
cell closure, light-dependent guard cell opening, and
whole leaf physiology.

A critical first step in these experiments was to ask
whether a ROS burst drives stomatal closure in tomato
guard cells. We examined ABA-induced ROS bursts
and ABA-dependent stomatal closure in tomato guard
cells over a 45-min time course. Fluorescence of the
general ROS sensor, DCF, increased in guard cells, with
significant changes preceding the induction of stomatal
closure (Fig. 2). To ask if ABA leads to increases in ROS
by the activation of an RBOH enzyme, we used DPI to
inhibit RBOH. DPI blocked both ABA-induced ROS
production and stomatal closure in tomato guard cells.
These results are consistent with ABA signaling in
tomato inducing RBOH to produce ROS and close
stomata.

Imaging of ROS levels using DCF, a general ROS
sensor, and PO1, an H2O2 selective reporter, on a new
confocal microscope provides significant new insight
into where these molecules accumulate. DCF and PO1
signals accumulate in the nucleus, as demonstrated by
DCF colocalization with Hoechst stain, where ROS
plays a role by changing the activity of redox-sensitive
transcription factors (Willems et al., 2016). DCF signal
has been observed previously in the guard cell cyto-
plasm (Lee et al., 1999; Kwak et al., 2003; Chen and
Gallie, 2004; Watkins et al., 2014; Xia et al., 2014; An
et al., 2016), but the images within this data set use an

Figure 7. Flavonoid mutants have altered stomatal opening in response
to light. A, Excised leaves of are and aw and their respective parental
lines were incubated in the dark in the presence of 20 mM ABA for 3 h
before being transferred to stomatal opening buffer without ABA in the
light for 45 min. Averages 6 SE of 90 stomata from three separate ex-
periments are reported. B, Confocal micrographs of DCF fluorescence
(green) in are and aw and their corresponding backgrounds are shown
before and after treatment with light. C, DCF fluorescence was quan-
tified before and after light treatment. Averages 6 SE of 50 samples
across two experimental replicates are reported. Asterisks and number
signs represent significant differences (P , 0.001) between time ex-
posed to light and time 0 and between mutant and wild type within the
same time point, respectively, determined using two-way ANOVA fol-
lowed by Tukey’s post hoc test. Bar = 5 mm.
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LSCM device with greater sensitivity to show complex
subcellular localization patterns of DCF and PO1 fluo-
rescence in guard cells. DCF and PO1 signal were found
internal to chloroplasts and in small pockets next to
chloroplasts (Supplemental Fig. S2), which also pro-
duce ROS as a product of various metabolic pathways
(Suzuki et al., 2012).

DCF and PO1 fluorescence also accumulated in
punctate regions resembling ROS-producing peroxi-
somal or endosomal organelles (Leshem et al., 2007;
Sandalio and Romero-Puertas, 2015) and that are rem-
iniscent of ROS synthesis by RBOH enzymes embedded
inmembranes of mammalian redoxosomes (Brown and
Griendling, 2009). The detection of these signals with
PO1, which is a boronate-based fluorescent probe that
is selective for H2O2 (Lin et al., 2013; Liang et al., 2014),
also is consistent with RBOH-induced elevation of
H2O2. The similar accumulation of these two sensors in
distinct spatial localizations is consistent with localized
ROS accumulation, but like all experiments with ex-
ogenously added sensors, we cannot eliminate the
possibility that there are localized accumulation pat-
terns due to dye partitioning.

RBOH-induced ROS bursts are well studied in Ara-
bidopsis due to the presence of null mutants in RBOH
genes (Foreman et al., 2003; Kwak et al., 2003; Müller
et al., 2009; Li et al., 2015; Orman-Ligeza et al., 2016;
Choudhury et al., 2017). Isoforms AtRBOHF and AtR-
BOHD have been shown to be expressed in guard cells,
where they function in the ABA-dependent stomatal
closure pathway (Kwak et al., 2003). Like RBOH mu-
tations, DPI has been shown to prevent ABA-induced
ROS bursts, inhibiting stomatal closure in Arabidopsis
(Pei et al., 2000; Suhita et al., 2004; Singh et al., 2017).
Although tomato RBOH mutants are not available,
SIRBOH1, a homolog of Arabidopsis RBOHF, has the
target of virus-induced gene silencing to demonstrate
that there is less CO2- and salt stress-induced stomatal
closure and that the response to ABA is reduced (Shi
et al., 2015; Yi et al., 2015). Another study showed that
brassinosteroid signaling functions through RBOH en-
zymes to induce stomatal closure (Xia et al., 2014). To-
gether, these studies support the model that tomato
guard cell closure requires an ABA-induced ROS burst,
but what has not been examined in tomato is whether
ROS homeostasis is regulated by antioxidants.

For flavonols to regulate ROS homeostasis in tomato
guard cells, these antioxidants and their biosynthetic
machinery must be localized to these cells and to sub-
cellular locationswhere ROS accumulate.We examined
flavonol accumulation and localization using a dye, DPBA,
that binds specifically to kaempferol and quercetin and
their glycosides (Buer andMuday, 2004; Lewis et al., 2011).
DPBA fluorescence accumulates in guard cells, but not
surrounding pavement cells, of wild-type tomato leaves
(Fig. 3). The signal accumulates in the nucleus, consistent
with prior reports (Saslowsky et al., 2005; Lewis et al., 2011;
Watkins et al., 2014), where it may regulate redox-sensitive
transcription factors and or prevent ROS-induced DNA
damage.DPBAalsomay accumulate in both the cytoplasm

Figure 8. Flavonoid mutants have altered water loss from excised
tomato leaves and stomatal responses to light. A, Fully expanded
leaves were excised from well-watered plants in the afternoon and
immediately weighed at 5-min intervals. Four leaves from four dif-
ferent plants were used in four separate experiments (n = 16). As-
terisks represent significant differences (P , 0.005) between the
mutant and the wild-type time course, determined using two-way
ANOVA. B, Bright-field images of wild-type and mutant epidermal
peels stained with Toluidine Blue 0. C, Quantification of stomatal
density in wild-type and mutant leaves. Stomatal density was
quantified from three fully expanded leaves from separate plants.
Statistics were determined using two-way ANOVA followed by
Tukey’s posthoc test comparing genotype by time (P, 0.005). Bar =
30 mm.
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and vacuole, but dye incompatibility and the absence
of marker lines make inconclusive the analysis of this
subcellular localization.
Flavonol accumulation in guard cells is consistent

with prior reports examining guard cells of Vicia faba
(Schnabl et al., 1986; Takahama, 1988) and Arabidopsis
(Watkins et al., 2014; An et al., 2016). Localized accu-
mulation of flavonols in guard cells may be the result of
localized synthesis or localized transport of these mol-
ecules into the cells. Previous reports suggest that genes
encoding two enzymes in the flavonoid biosynthetic
pathway, CHS and FLS, are expressed in guard cells,
but not surrounding pavement cells, of Arabidopsis
usingCHS promoter-GUS and GFP-FLS fusion proteins
(Kuhn et al., 2011; Watkins et al., 2014). Additionally,
the transcriptome of Arabidopsis guard cells includes
transcripts for all the flavonol biosynthetic enzymes
(Pandey et al., 2010). The localized accumulation of
flavonols and their biosynthetic machinery in guard
cells in multiple species suggests an important function
of these molecules in this cell type.

To assess the function of flavonol antioxidants in
guard cells, we used mutants with altered flavonol and
anthocyanin accumulation. The predicted changes in
accumulation of flavonols, based on the site of the
mutation in the flavonol biosynthetic pathway, were
detected in guard cells and leaves. We imaged flavonol
accumulation in guard cells using the flavonol dye,
DPBA, in two tomato anthocyaninmutants (Goldsbrough
et al., 1994; Yoder et al., 1994). The levels of flavonols are
either decreased or increased depending on whether the
location of the mutated enzyme is before or after flavonol
synthesis (Fig. 1), as demonstrated by DPBA staining of
guard cells and LC-MS of leaf extracts. The aremutant has
a lower abundance of flavonols than the wild type (Fig. 3;
Table I), due to a mutation in the gene encoding the en-
zyme F3H, which is upstream of flavonol synthesis, while
aw has higher kaempferol and quercetin accumulation,
due to a mutation in the gene encoding the DFR enzyme,
which is downstream of flavonol synthesis (Goldsbrough
et al., 1994; Yoder et al., 1994; Maloney et al., 2014).
Naringenin is not detected by DPBA (Lewis et al., 2011),

Figure 9. Ethylene treatment increases
flavonol accumulation, decreases ROS
accumulation, and reduces stomatal
closure in guard cells of Pearson but not
Nr plants. A,DPBAfluorescence in Pearson
and Nr guard cells with and without treat-
ment with 5 mL L21 ethylene gas for 24 h
visualized by LSCM. B, Averages 6 SE of
DPBA fluorescence in the cytosol of
90 guard cells are reported. C, Confocal
micrographs showing ROS accumula-
tion of Pearson and Nr guard cells with
and without ethylene. D, Averages 6 SE

of DCF fluorescence in the cytosol of
90 guard cells are reported. E, Stomatal
aperture widths of Pearson and Nr in
response to ABA. Intact soil-grown to-
mato plants were treated with 5 mL L21

ethylene gas for 24 h prior to the incu-
bation of whole leaves under white light
in a 20 mM ABA solution for 0 and 45 min.
Averages 6 SE of 90 stomata from three
separate experiments are reported. Aster-
isks represent significant differences in
DPBA, DCF, or stomatal aperture (P ,
0.001) with and without ethylene treat-
ment within a genotype, number signs
represent significant differences (P,0.001)
between genotypes under similar treat-
ments, and daggers represents significant
differences in response to ABA within a
genotype and ethylene treatment (P ,
0.001). Statistics were determined using
two-way ANOVA followed by Tukey’s
post hoc test. Bars = 5 mm.
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but using LC-MS, it is evident that both the are and aw
mutants had higher levels of the flavonol precursor
naringenin, similar to roots and hypocotyls (Maloney
et al., 2014). The agreement between these two methods
indicates the presence of robust changes in flavonol
levels in guard cells of these mutants and that DPBA
fluorescence accurately reports flavonol accumulation,
but with spatial resolution not possible by LC-MS.

To test the hypothesis that flavonols locally alter ROS
in guard cells, thereby modulating stomatal aperture
and leaf water exchange, we used DCF, a general ROS
sensor, and PO1, an H2O2 selective sensor, to examine
the effect of flavonol levels on ROS accumulation par-
allel to measurements of stomatal aperture. Confocal
micrographs reveal DCF and PO1 fluorescence local-
ized to guard cells but not surrounding pavement cells
of wild-type leaves (Figs. 2, 4, and 5). This pattern of
guard cell localization was similar to the DPBA fluores-
cence pattern, suggesting the intriguing possibility that
the machinery for the synthesis of flavonols and ROS is
developmentally coordinated and that flavonols may be
acting in this tissue to modulate ROS. In light-grown

untreated leaves, ROS homeostasis was examined in are
guard cells, and the levels of DCF and PO1 fluorescence
were elevated, consistent with the reduction in the fla-
vonols quercetin and kaempferol. In contrast, the aw
mutant, with increased flavonols, has reduced DCF sig-
nal. Both mutations elevated the level of the flavonol
precursor naringenin, indicating that this molecule is not
functioning to modulate ROS. The degree of guard cell
closure was proportional to ROS sensor signal in these
seedlings (Fig. 5). These findings extend a study of the
flavonol-deficient tt4 mutant in Arabidopsis, which also
had elevated DCF fluorescence and enhanced guard cell
closure (Watkins et al., 2014). The antioxidant glutathione
also has been implicated in modulating ROS-induced
stomatal closure, as mutations that impair its synthesis
have elevated ROS and guard cell closure (Okuma et al.,
2011; Munemasa et al., 2013). This study goes beyond
these prior reports by utilizing a second tomato mutant
with increased flavonols with the opposite response, re-
duced ROS and reduced guard cell aperture. As both of
these mutants have elevated naringenin and reduced
levels of anthocyanins, it is clear that flavonols, but not
their precursors or downstream products, modulate this
response.

To further test the role of flavonols in regulating
guard cell signaling and stomatal aperture, these me-
tabolites also were elevated by treatment of wild-type
plants with ethylene. This treatment also resulted in
decreased ROS sensor fluorescence and reduced sto-
matal closure (Fig. 9). This result mirrors the results
with the aw mutant, which also has elevated flavonol
levels, resulting in lower ROS signal and slower stomatal
closure. In contrast, treatment of ethylene-insensitive Nr
mutant plants, with a gain-of-function mutation in an
ethylene receptor, rendering ethylene-insensitive plants
(Lanahan et al., 1994; Yen et al., 1995; Clark et al., 1999;
Negi et al., 2010), resulted in no change in flavonol levels,
ROS, or stomatal aperture. To ask if ethylenemodulation
of ABA-induced stomatal closure requires flavonol in-
duction, we examined the effects of ethylene on VF36
and the are mutant with reduced flavonols (Fig. 10). We
found that ethylene-treated VF36 showed a 1.6-fold in-
crease in flavonols, which were 1.9-fold higher than in
the are mutant after the same treatment. Although
ethylene-treated are stomata were more closed in re-
sponse to ABA compared with wild-type stomata,
ethylene appeared to slightly inhibit stomatal closure
in this mutant. Consistent with this result, we also
observed an increase in flavonol accumulation in are
treated with ethylene. The absence of a mutant that
produces no flavonols makes it difficult to demon-
strate conclusively whether ethylene’s inhibition of
guard cells acts through flavonols. These results are
consistent with an attenuation of the ethylene effect in
a mutant with reduced flavonol accumulation.

The ethylene regulation of flavonol synthesis is consis-
tent with previous results that showed that flavonol accu-
mulation is increased in Arabidopsis roots after treatment
with the ethylene precursor 1-aminocyclopropane-1-
carboxylic acid (Buer et al., 2007; Lewis et al., 2011).

Figure 10. Ethylene treatment dampens ABA-induced stomatal closure
through inducing flavonol accumulation in VF36 guard cells, with re-
duced responses in are guard cells. A, DPBA fluorescence in VF36 and
are guard cells with and without treatment with 5 mL L21 ethylene gas
for 24 h visualized by LSCM. Averages and6 SE of DPBA fluorescence of
20 guard cells are reported. B, Stomatal aperture widths of VF36 and are
in the absence and presence of 5mL L21 ethylene gas for 24 h prior to the
incubation of whole leaves in 20 mM ABA for 0 and 45 min. Averages
6 SE of 90 stomata from three separate experiments are reported. Statistics
were determined using two-way ANOVA followed by Tukey’s post hoc
test with differences (P , 0.01) indicated. Asterisks indicate significant
differences within genotypes with ethylene added, number signs indi-
cate significant differences between genotypes under similar treat-
ments, and daggers indicate significant differences between 0- and
45-min ABA treatment within a genotype and ethylene treatment.
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Auxin and ethylene promote flavonol synthesis (Buer
et al., 2010) through inducing the transcript abundance
of genes encoding flavonol biosynthetic enzymes
(Lewis et al., 2011). Ethylene treatment or endogenous
overproduction in ethylene overproducing1 also drives
flavonol synthesis in Arabidopsis guard cells, a re-
sponse that is lost in the ethylene insensitive2-5 mutant,
resulting in lower ROS and less guard cell closure
(Watkins et al., 2014).
The regulated synthesis of flavonols provides a mech-

anism for other guard cell responses. A recent study in
tomato linked ethylene signaling with high humidity-
induced stomatal opening (Arve and Torre, 2015).
Ethylene treatment for 24 h increased conductance and
stomatal aperture in moderate- and high-humidity con-
ditions, while blocking the ethylene receptor or using the
ethylene-insensitive mutant (Nr) reduced this stomatal
opening response. Our results suggest that flavonol
synthesis is an intermediate signal in this response. In-
duction of flavonol accumulation in Arabidopsis guard
cells was observed after treatment with the plant growth
regulator 5-aminolevulinic acid (An et al., 2016), which
decreased ROS levels and ABA-induced stomatal clo-
sure. It is worth noting that some studies employing
short-term ethylene treatments, which are too short for
flavonol levels to be elevated, report enhanced closing of
guard cells in Arachis hypogea and Arabidopsis (Pallas
and Kays, 1982; Desikan et al., 2006; Ge et al., 2015),
suggesting a second unlinked ethylene response in these
guard cells. Together, these studies show that flavonols
are regulated to modulate ROS signaling and guard cell
aperture.
ABA-induced ROS bursts were modulated by flavo-

nols in tomato leaves, with ROS accumulation preceding
guard cell closure. The highest rate of increase in DCF
fluorescence after ABA addition was detected in are
guard cells, which accumulated less flavonols (Fig. 6).
Additionally, aw guard cells showed the slowest rate of
increased DCF fluorescence, linked to their higher fla-
vonol accumulation. The rate of stomatal closure after
45min in the presence of ABA is proportional to the level
of ROS, consistent with this being a second messenger in
controlling stomatal closure. This implies that, in tomato

guard cells, flavonol levels are inversely related to ROS
levels while ROS and stomatal closure rates are coordi-
nated, both of which are consistent with flavonols acting
as antioxidants in this cell type.

An important and previously unexplored question
is whether flavonols affect light-dependent stomatal
opening. Leaves were incubated in ABA in the dark for
3 h to close stomata completely (to a 1-mm aperture in
all genotypes). Within 45min after removal of ABA and
transfer to light, there was a substantial 4-fold increase
in aperture in the wild type (Fig. 7). The are mutant
showed a reduced response (2.5-fold), while aw showed
an enhanced response (5-fold change). Additionally,
higher DCF fluorescence was observed in are guard cells
and lower DCF fluorescence was observed in aw guard
cells after light exposure, consistent with decreased
and increased levels of flavonols and increased and
decreased stomatal opening, respectively. This finding
suggests the importance of flavonol accumulation in
guard cells to facilitate rapid opening in the morning,
which may facilitate CO2 uptake and increased pho-
tosynthesis after sunrise.

To extend these results to the physiology of a whole
leaf, we examined changes in leaf weight as a measure
of transpiration. Because ABA-induced stomatal clo-
sure is the primary means by which plants respond to
conditions of water stress (Leung and Giraudat, 1998),
modulating the redox state in guard cells through al-
tered flavonol synthesis would be expected to change
transpiration rates. Consistent with this hypothesis,
decreased flavonol levels in are leaves led to reduced
water loss and increased flavonols in aw showed en-
hanced water loss compared with their parental lines
(Fig. 8). Increased water loss also was observed in VF36
and are compared with AC and aw, which is likely
linked to the greater stomatal density in the VF36 and
are genotypes. A similar assay was employed to mea-
sure water loss from detached leaves, showing that the
antioxidant ascorbic acid regulated stomatal closure in
tobacco (Nicotiana tabacum; Chen and Gallie, 2004) and
that ABA signaling in guard cells was modulated by
glutathione (Munemasa et al., 2013). Together, these re-
sults indicate the function of small molecule antioxidants

Figure 11. Proposedmodel of the effects of ABA-activated RBOH and ethylene-induced flavonols on stomatal movement. ABA is
released into the cytosol, where it rapidly (within minutes) triggers respiratory burst oxidases, which induce a burst of ROS. ROS
act as second messengers to signal stomatal closure, decreasing transpiration. Ethylene more slowly (within hours) induces
flavonol accumulation in guard cells through theNr receptor. Flavonols act as antioxidants to scavenge ROS and, thereby, inhibit
stomatal closure. In are, which has less flavonol accumulation, guard cells have more ROS, faster stomatal closure rates in re-
sponse to ABA, decreased water loss, and slower stomatal opening in response to light. The opposite is the case for guard cells of
aw, which have elevated flavonol accumulation. Arrows represent activation, and bars represent repression
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to regulate transpiration rates by modulating ABA-
dependent ROS signaling in guard cells.

We have constructed a model to synthesize these
data, which is shown in Figure 11. This model outlines
ABA-induced ROS increases via activated RBOH and
their modulation by flavonols to control guard cell aper-
ture. ABA is released into the cytosol, where it triggers
respiratory burst oxidases, which induce a burst of ROS.
ROS act as second messengers to signal stomatal closure
and as inhibitors of light-induced stomatal opening to
modulate gas exchange through guard cells. Flavonols act
as antioxidants to scavenge ROS, thereby inhibiting sto-
matal closure, and their levels are regulated by ethylene. In
are, which has lessflavonol accumulation, guard cells have
more ROS, resulting in faster stomatal closure rates in
response to ABA, decreased water loss, and slower
stomatal opening in response to light. In guard cells of
aw, which have elevated flavonol accumulation, there
is less ROS, decreased rates of stomatal closure in re-
sponse to ABA, enhanced water loss, and increased
stomatal opening in response to light.

CONCLUSION

This work extends our understanding of the mecha-
nisms of flavonol actions in guard cells, providing in-
sight into their role in an agricultural species and their
mechanism of action. We found that ABA signaling
through RBOH-produced ROS to induce stomatal closure
is conserved in tomato, an important agricultural species.
Better spatial resolution through our enhanced imaging
technology showed complex subcellular accumulation
patterns of flavonols, using DPBA fluorescence, and ROS,
using DCF and PO1 fluorescence. Using mutants with
altered flavonoid biosynthesis to manipulate the levels of
flavonols in guard cells, both decreasing and increasing
their abundance, modulates ROS levels and stomatal
movement. Flavonol accumulation is increased by ethyl-
ene, which, in turn, modulates ROS accumulation and
ABA-dependent guard cell closure. Together, these results
indicate that flavonol levels affect ROS homeostasis,
ABA-induced ROS, and stomatal closure as well as
light-dependent stomatal opening. These changes in
stomatal closure are linked to altered transpiration rates
in detached leaves.

MATERIALS AND METHODS

Plant Growth and Ethylene Treatment

Tomato (Solanum lycopersicum) seeds used in these experiments include
Pearson andNr (Lanahan et al., 1994), VF36 and are (Yoder et al., 1994; Maloney
et al., 2014), and AC and aw (Goldsbrough et al., 1994; Maloney et al., 2014) and
were obtained from the Tomato Genetic Resource Center (http://tgrc.ucdavis.
edu/). Nr seeds were generously provided by Harry Klee. Tomato seeds were
germinated in SunshineMVPRSi soil and placed in a 12-h-day growth chamber
under 150 mmol m22 s21 cool-white light with relative humidity levels between
70% and 80% and grown for 4 to 5 weeks.

For ethylene treatments, 4- to 5-week-old wild-type and mutant plants were
sealed in a plexiglass chamber to which ethylene gas was added to reach 5 mL L21.
Control plants were placed in identical sealed containers without ethylene.

After 24 h of incubation under 150 mmol m22 s21 cool-white light, leaves were
excised and used for imaging DPBA or DCF fluorescence or in stomatal
closure assays.

Visualization of Flavonol Accumulation Using DPBA

Individual leaves were excised and submerged in DPBA (Sigma-Aldrich;
D9754) at 2.52 mg mL21 containing 0.02% (v/v) Triton X-100 for 3 h. Whole
leaves were then washed in deionized water for 1 min and mounted in
deionized water between two coverslips. A Zeiss 880 LSCM apparatus was
used to excite the leaf surfaces with 20%maximum laser power at 488 nmwith a
pinhole yielding 1 Airy Unit using LSCM settings that spectrally separated
DPBA flavonol and chlorophyll fluorescence, using lambda scanning. DPBA
fluorescence emission was collected between 475 and 619 nm (Lewis et al.,
2011). Maximum intensity projections were produced from Z-stacks. The gain
settings were selected to maximize the total flavonol signal while preventing
oversaturation. All micrographs within each panel were acquired using
identical offset, gain, and pinhole settings using the same detectors. Post-
image quantification of DPBA fluorescence intensities was done using ZEN
Black by placing a region of interest (ROI) around the nucleus of each guard
cell and around an area in the cytosol with no chloroplasts present. The av-
erage intensity values within each ROI were recorded and averaged.

Analysis of Flavonoids by LC-MS

Flavonols were quantified in a method adapted from earlier publications
(Maloney et al., 2014; Watkins et al., 2014). Three fully expanded leaves from
each plant were collected from three plants of each genotype and flash frozen
in liquid nitrogen; this was repeated three times on different sets of plants.
Metabolites were extracted by first grinding the tissue and then using an
acetone solvent with a 5 mM internal standard, formononetin. The samples
were subjected to an acid hydrolysis to remove carbohydrates from the fla-
vonol backbone, separated using an ethyl acetate phase separation, and dried
down. Samples were stored at280°C until suspended in acetone to be run on
the mass spectrometer. Samples were analyzed on a Thermo LTQ Orbitrap
XL with an electrospray ionization source, coupled to a Thermo Accela
1250 pump and autosampler (Thermo Fisher), using a Security Guard column
in line with a Luna 150- 3 3-mm C18 column, both from Phenomenex. For
flavonol analysis, 10 mL of each sample was injected with a solvent of water:
acetonitrile, both containing 0.1% (v/v) formic acid. The gradient is as fol-
lows: 90% (v/v) water:10% (v/v) acetonitrile to 10% (v/v) water:90% (v/v)
acetonitrile in a time span of 18.5 min. From 18.5 to 20 min, the gradient
moves from 10% (v/v) water:90% (v/v) acetonitrile back to 90% (v/v)
water:10% (v/v) acetonitrile and holds at these concentrations for another
2 min to recondition the column. MS2 fragmentation spectra of flavonols
were induced using 35-kV collision-induced dissociation. Absolute quan-
tities of metabolites were found by comparing peak area data with standard
curves created using pure standards of naringenin, quercetin, and
kaempferol (Indofine Chemicals). As naringenin was at levels near the limit
of detection, only samples with peaks greater than 2 times the background
were used for quantification, to ensure accurate values. Spectra of samples
were compared with those of standards and those listed on the MassBank
database (www.massbank.jp). Data were analyzed by quantifying peak
areas using Thermo Xcalibur software and with normalization to the in-
ternal standard formononetin (Indofine Chemicals).

DCF Imaging and Quantification

CMH2DCF-DA, a generic ROS sensor (Halliwell andWhiteman, 2004), was
dissolved in dimethyl sulfoxide to yield a 50 mM stock. This was diluted in
deionized water to yield a final concentration of 6.25 mM with a final dimethyl
sulfoxide concentration of 0.0125% (v/v). Epidermal strips were prepared by
spraying a microscope slide with a silicone-based medical adhesive (Hollister;
stock no. 7730). After 10 min, the basal epidermis of the leaf was gently pressed
into the dried adhesive coat, and the leaf was gently scraped with a pipette tip
until only the fixed epidermis remained (Young et al., 2006; Watkins et al.,
2014). The epidermis was stained for 30 min with two drops of 6.25 mM CM
H2DCF-DA dye and washed with deionized water. A Zeiss 880 LSCM device
was used to excite the leaf surfaces with 0.07%maximum laser power at 488 nm
with a 3.5 digital gain. Settings were optimized to spectrally separate the flu-
orescence of DCF and chlorophyll, using lambda scanning. The DCF signal was
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collected between 495 and 527 nmwith a pinhole yielding 1 Airy Unit, making
sure to limit excess exposure to the laser that induces ROS. Maximum in-
tensity projections were produced from Z-stacks. All micrographs within
each panel were acquired using identical offset, gain, and pinhole settings
using the same detectors.

In Figures 2, 5, 6, and 7, DCF fluorescence was imaged using a Zeiss
880 LSCM device. DCF fluorescence intensities were measured using ZEN
Black by placing an ROI around the whole guard cell. The average intensity
values within each ROI were recorded and averaged. In Figures 5 and 9, DCF
fluorescence was imaged using a Zeiss 710 LSCM device. DCF fluorescence
intensities were measured using ZEN Black by placing an ROI around the
nucleus of each guard cell and around the nonnuclear area with no chloroplasts
present. The average intensity values within each ROI were recorded and av-
eraged. Figure 5A shows confocal micrographs of DCF fluorescence in guard
cells taken on a Zeiss 880 LSCM device, while the quantification values in
Figure 5B are taken from the Zeiss 710 images from Supplemental Figure S4.

PO1 Imaging and Quantification

PO1, an H2O2 sensor (Lin et al., 2013; Liang et al., 2014), was dissolved in
dimethyl sulfoxide to yield a 5mM stock. This was diluted in deionized water to
yield a final concentration of 33 mM. Epidermal strips were prepared as de-
scribed above. The epidermis was stained for 30 min with two drops of 33 mM

PO1 dye andwashed with deionized water. A Zeiss 880 LSCMdevice was used
to excite the leaf surfaces with 0.4%maximum laser power at 488 nmwith a 23
digital gain. Settings were optimized to spectrally separate the fluorescence of
DCF and chlorophyll, using lambda scanning. The DCF signal was collected
between 495 and 527 nm with a pinhole yielding 1 Airy Unit, making sure to
limit excess exposure to the laser that induces ROS. Maximum intensity
projections were produced from Z-stacks. All micrographs within each panel
were acquired using identical offset, gain, and pinhole settings using the
same detectors. Total guard cell PO1 fluorescence intensities were measured
using ZEN Black by placing an ROI around the whole guard cell. The average
intensity values within each ROI were recorded and averaged. Subcellular
PO1 fluorescence intensities were measured using ZEN Black by placing an
ROI around the nucleus of each guard cell and around the nonnuclear area
with no chloroplasts present.

Stomatal Opening and Closing Assays

ABA-induced stomatal closure assays were performed with plants 4 to
5 weeks after germination. Fully expanded leaves were excised and submerged
in opening solution (5 mM KCl, 50 mM CaCl2, and 10 mM MES buffer, pH 5.6) and
incubated under cool-white light (150 mmolm22 s21) for 3 h. To induce stomatal
closure, leaves were transferred to a similar opening solution with 20 mM ABA
added to induce closure (Jammes et al., 2009). After incubation in the ABA
solution under white light for 0, 15, 30, or 45 min, leaf peels were prepared and
imaged using bright-field imaging with a Zeiss Axio Zoom V16 microscope
with an AxioCam HR R3 color camera (Jammes et al., 2009). Z-stacks were
taken at 2583 total magnification and compressed into a single extended depth-
of-focus image. Apertures were measured using ImageJ software. To image the
effects of ethylene on ABA-induced stomatal closure, plants were treated with
ethylene gas for 24 h prior to the assay.

To induce stomatal opening, leaves were excised and placed in stomatal opening
buffer containing 20 mM ABA and then placed in the dark for 3 h. Leaves were
transferred to stomatal opening buffer without ABA and placed in the light for 0 or
45 min. The widths of stomatal apertures were quantified as above.

Leaf Water Loss Assay

Water loss from excised leaves was measured in fully expanded leaves that
were detached fromwell-watered plants and immediately weighed, as adapted
from Chen and Gallie (2004) and Munemasa et al. (2013). Water loss from de-
tached leaves was followed by leaf weight every 5 min for 40 min. Four leaves
from four separate plants were used in four separate experiments. The average
percentage leaf weight loss was plotted over time.

Stomata Density Measurements

To quantify stomatal densities, epidermal peels were generated from the
basal side of fully expanded leaves. Peels were imaged with differential

interference contrast microscopy using a Zeiss Avio Zoom V16 at 1003 mag-
nification. Z-stacks were compressed into a single extended depth-of-focus
image. Five areas per leaf were imaged from three leaves from three different
plants for each genotype. Stomatal densities were reported as the number of
stomata per 1.5 mm2.

Statistical Analysis

The data for the fluorescence intensities of DPBA and DCF, the widths of
stomatal apertures, and the leafweight losswere analyzed by two-wayANOVA
using GraphPad Prism 7, comparing within genotypes between different
treatments and comparing between genotypes under similar treatments.
Tukey’s multiple comparison tests were then used to determine whether the
differences between treatments within genotypes and the differences between
genotypes within treatments were significant. LC-MS data and stomatal den-
sity were quantified using Student’s t test in GraphPad Prism 7, comparing
levels of a specific flavonol between a mutant and its respective background.

Accession Numbers

Sequence data for genes in this article can be found at https://solgenomics.
net/ under the following accession numbers: F3H (Solyc02g083860, SGN-
U563669), DFR (Solyc02g085020, SGN-U569072), and NR (Solyc09g075440,
SGN-U580538).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. DPBA fluorescence and DCF fluorescence are
localized to the nucleus.

Supplemental Figure S2. ROS accumulation pattern and colocalization
analysis in guard cells in the AC genotype.

Supplemental Figure S3. DPBA fluorescence pattern in guard cells com-
pared with a vacuole-specific stain in AC tomato leaves.

Supplemental Figure S4. DPBA and DCF fluorescence in guard cells vi-
sualized using a Zeiss LSM 710 confocal microscope.
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