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ABSTRACT: Coronatine (1), a small-molecular virulence factor AN
produced by plant-pathogenic bacteria, promotes bacterial infection o
by inducing the opening of stomatal pores, the major route of IZ> g\jj
bacterial entry into the plant, via the jasmonate-mediated COI1-JAZ g -

signaling pathway. However, this pathway is also important for
multiple plant functions, including defense against wounding by
herbivorous insects. Thus, suppression of the COI1-JAZ signaling ,

pathway to block bacterial infection would concomitantly impair plant 3

defense against herbivorous wounding. Here, we report additional, k@y
COI1-JAZ-independent, action of 1 in Arabidopsis thaliana guard \

cells. First, we found that a stereoisomer of 1 regulates the movement Stomatal reopening

of Arabidopsis guard cells without affecting COIL-JAZ signaling. Apoplast

Second, we found using alkyne-tagged Raman imaging (ATRI) that 1

is localized to the endoplasmic reticulum (ER) of living guard cells of

Arabidopsis. The use of arc6 mutant lacking chloroplast formation was pivotal to circumvent the issue of autofluorescence during
ATRI. These findings indicate that 1 has an ER-related action on Arabidopsis stomata that bypasses the COI1-JAZ signaling
module. It may be possible to suppress the action of 1 on stomata without impairing plant defense responses against herbivores.

Guard cell

Stomatal closing

B INTRODUCTION molecular phytotoxin produced by Pseudomonas syringae."® 1
has been considered a structural and biological mimic of 2 and
used as a strong agonist of the COIl-JAZ coreceptor.“’12
However, we cannot fully understand the extent to which 1
mimics 2 in plant defense responses, and the unknown targets
are expected to be included. For example, 1 suppresses callose
deposition to promote infection of P. syringae in a COII-
independent manner."

Bacterial virulence factors are molecules produced by bacteria
that contribute to their pathogenicity, for instance by facilitating

colonization of the host. Previous studies have revealed another
14

Scientists continue to seek novel and effective ways to reduce
the impact of bacterial infections upon crop yields. Being able
to mitigate plant—pathogen interactions has great potential to
improve crop production. The attack of pathogens triggers
plant immune responses. A plant hormone, 7-iso-jasmonoyl-L-
isoleucine (2, Figure 1a)," plays important roles in this plant
immunity.” > The most important physiological role of 2 lies in
the activation of induced immunity, which is triggered by the
attack of insect herbivores and necrotrophic pathogens as well
as tissue injury.® 2 functions through the coreceptor composed ; : ! | '
of CORONATINE INSENSITIVEl (COIl) and JASMO- role of 1 as a virulence factor in plant—microbe interactions.
NATE ZIM-DOMAIN (JAZ) proteins.”° And the COI1-JAZ Within a few hours of infection by the bacterium P. syringae, the
signaling pathway is considered the only signaling pathway in stomata of Arabidopsis thaliana close (stomatal defense), thus
which 2 is involved.
Coronatine (1, Figure 1a) composed of (+)-coronafacic acid Received: March 5, 2017
(3, Figure 1a) and (+)-coronamic acid (4, Figure 1a) is a small- Published: May 4, 2017
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Figure 1. Evaluation of the physiological action of coronatine relative and derivatives. (a) Structures of coronatine (1) relatives and derivatives: 7-epi-
jasmonoyl-L-isoleucine (2), coronatine (1), and related compounds (entl, 3-ent4, ent3-4, 3, and 4). (b) Effect of 1 derivatives on reopening
(measured as size of aperture) of Arabidopsis thaliana (Col-0) abaxial stomata by abscisic acid (ABA). Indole-3-acetic acid (IAA), which induces
stomatal reopening, was used as a positive control. Dashed line indicates the mean stomatal aperture taken from a control setting, in which
Arabidopsis leaf peels with closed stomata were incubated in MES buffer (pH 6.2) containing 2% EtOH. Bars represent mean stomatal aperture and
SE (n = 20 stomata). Letters a—d indicate significant differences between the means (ANOVA: P < 0.05). (c) A stoma in the epidermis of
Arabidopsis thaliana. The width of the red bar was measured as the stomatal aperture. (d) Yeast two-hybrid (Y2H) assay of compound-induced
COI1-JAZ9 coreceptor formation. Lane A: Yeast cells cotransformed with pDEST22-JAZ9 and pDEST32-COIl. Lane B: Yeast cells cotransformed
with pDEST22-RalGDS-m1 and pDEST32-Krevl as a positive control. Lane C: Yeast cells cotransformed with pDEST22-RalGDS-m2 and
pDEST32-Krevl as a negative control. (e) Pull-down assay of purified GST-COIl (S nM) with recombinant E. coli expressed MBP-JAZ9
(approximately 40 nM) in the presence of COR derivatives (100 nM). GST-COI1 bound to MBP-JAZ9 were pulled down with amylose resin, and
analyzed by immunoblotting. HRP-conjugated anti-GST antibody was used for detection of GST-COI1. Anti-MBP antibody and HRP-conjugated
rat IgG antibody was used for showing the amounts of MBP-JAZ9 as the input materials. (f, g) Relative transcript levels of AOS and VSP2 in A.
thaliana treated with 1 derivatives. Each relative transcript level was assessed by quantitative RT-PCR. “Cont.” indicates the mean AOS or VSP2
transcript level in a buffer containing 2% EtOH only. Bars represent the mean AOS or VSP2 transcript levels of the test samples (100 uM). Bars
represent mean and SE (n = 3). Letters a—c indicate significant differences between the means (ANOVA: P < 0.05).
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Figure 2. Physiological evaluation of coronatine and derivatives using knockout mutants of Arabidopsis thaliana. (a—c) Effect of 1 derivatives on
reopening of closed stomata of coil-1 (a), coil-16s (b), and anac (c) mutants under dark conditions. IAA was used as a positive control. Letters a—d
indicate significant differences between the means (ANOVA: P < 0.05). (d—f) Effect of 1 derivatives (30 #M) on stomata of wild type Col-0 (d),
coil-1 (e), and anac (f) with (+ ABA) and without (— ABA) (1S uM) cotreatment. Dashed line indicates mean stomatal aperture under control
conditions. Bars represent mean stomatal aperture and SE (n = 20 stomata). Letters indicate significant differences between the means (ANOVA: P

< 0.05).

blocking the main route of bacterial entry into the plant
apoplast.'
counter this stomatal defense, thereby securing the path of

Sp. syringae causes the reopening of closed stomata to

bacterial entry into the plant apoplast. Stomatal defense has
been considered to be partly under the control of plant
hormones, such as abscisic acid (ABA)."*'® 1 has thus been
considered to prevent the closure of plant stomata by inhibiting
ABA-mediated stomatal closure. Furthermore, this process is
thought to take place through the COI1-JAZ-MYC2-NAC

464

signaling cascade (see also Figure 6#1), because 1 fails to
inhibit ABA-mediated stomatal closure in both the coil—3 and
anac which is an anacl9/anacS5/anac72 triple mutant of all
three NAC TFs (petunia NAM and Arabidopsis ATAF],
ATAF2, and CUC2 transcription factors).'® NAC TFs are a
direct target of MYC TF and function downstream of the
COI1-JAZ coreceptor to suppress ABA signaling pathways,
leading to the stomatal closure.'” Thus, 1
closure through the COI1-JAZ signaling pathway."®

inhibits stomatal
In this way,
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P. syringae uses 1 to hijack the plant’s own pathway of defense.
In principle, inhibition of the COII-JAZ pathway could
therefore improve the stomatal defense of the plant.

However, inhibiting the COI1-JAZ pathway would present a
trade-off between improved stomatal defense and impaired
defense against attack of herbivores and necrotrophs, which
could impede overall improvement of plant immunity by
suppressing the COI1-JAZ pathway. A strategy to suppress the
action of 1 on stomata without impairing COI1-JAZ-dependent
plant defense responses would therefore be highly desirable.

Here, we report that, in addition to its conventional COI1-
JAZ-dependent function, 1 counters stomatal defense through a
COI1-JAZ-independent and ER (endoplasmic reticulum)-
mediated function. We show this through two independent
approaches: the development of a non-COI1-JAZ agonistic 1
derivative with stomatal reopening activity and alkyne-tag in
vivo Raman imaging (ATRI)"™*" of 1 in living A. thaliana
guard cells. The Raman signal of an alkyne appears in an
otherwise silent region where no biomolecules in the cell
provide any Raman signal. Especially, the subcellular local-
ization of alkyne-tagged 1 obtained by ATRI provided a pivotal
evidence of the COIl-JAZ-independent function. To our
knowledge, this is the first successful application of ATRI for
visualizing intracellular localization of a small molecule in living
plant cells. Our result demonstrated that ATRI is a powerful
alternative method for fluorescence imaging because fluores-
cence-labeled (FL) small molecular ligands such as FL-1 have
ofterzlzlost their bioactivity by the addition of a large fluorescent
dye.

B RESULTS AND DISCUSSION

Coronatine Triggers the Reopening of Closed
Stomata through a COI1-JAZ-Independent Mechanism.
Stomatal defense against pathogenic infection can be mimicked
by abscisic acid (ABA) treatment because ABA signaling is
involved as a key mechanism of stomatal defense."”'® It has
already been shown that 1 can counter both pathogen- and
ABA-mediated stomatal closure by inhibiting the ABA signaling
cascade through the COI1-JAZ-MYC2-NAC signaling mod-
ule.'® Then, we evaluated the physiological action of 1 and a
series of the stereoisomers against ABA-mediated stomatal
closure on the WT (Col-0) and knockout mutants of
Arabidopsis.

In a grevious study, we prepared optically pure components
of 1, 3, and 4, and then synthesized a stereoisomer (3-ent4;
Figure la) composed of naturally occurring 3 and enantiomeric
4 ((—)-coronamic acid). We also synthesized the enantiomers
of 1 (ent-1) and 3-ent4 (ent3-4; Figure la).”> We evaluated the
physiological action of these stereoisomers in detail.

Abaxial stomata of 6- to 8-week-old Col-0 A. thaliana were
first treated with ABA to induce closure and then treated with 1
or its stereoisomers (ent-1, 3-ent4, ent3-4, 3, and 4). Naturally
occurring 1 effectively reopened the closed Col-0 stomata,
whereas ent-1, 4, and 3 were ineffective (Figures 1b and 1c). It
was surprising that a stereoisomer 3-ent4 was also effective at
reopening the stomata of A. thaliana, whereas its enantiomer,
ent3-4, was ineffective. Nevertheless, our yeast two-hybrid
(Y2H) assays (Figure 1d) and pull-down assay using JAZ9-
MBP (Figure le) showed that 3-ent4 does not induce COI1-
JAZ9 coreceptor formation; nor does it induce expression of
COI1-JAZ-regulated JA-biosynthetic gene allene oxide synthase
(AOS) and JA-marker gene Vegetative Storage Protein 2 (VSP2)
in A. thaliana (Figures 1f—1g). However, weak overlap between
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transcriptional responses induced by 1 and ent3-4 suggested
that ent3-4 maintains some of the biological functions of 1.
DNA microarray analyses in Arabidopsis treated by 1, ent3-4, or
entl demonstrated that 19% of 1-inducible genes (117/60S
genes) was overlapped with ent3-4 inducible genes, while as
little as 3.8% (23/605 genes) was overlapped with entl-
inducible genes (Figure S1A, Table S1). These results show
that the stereochemistry of the 4 moiety in 1 does not affect the
function of 1 in stomata and a stereoisomer of 1 (3-ent4) can
induce the reopening of closed Arabidopsis stomata against
ABA-mediated stomatal closure through a unique mechanism
independent of COI1-JAZ.

We next examined the COI1-JAZ independent action of 1/3-
ent4 against stomatal defense by using knockout mutants of
Arabidopsis. All the results on 1 were examined by the
comparison of those on 3-ent4 used as a reference. We
examined the effect of 1/3-ent4 on the reopenin§ of closed
stomata of knockout Arabidopsis mutants, coil-1 2 coil-165,°
and anac (Figure 2). The reopening of closed stomata was not
affected in all three mutants, either by 1 or by 3-ent4 (Figures
2a, 2b, and 2¢). In contrast, different results were obtained in a
conventional bioassay used in previous studies.'*'® ABA-
induced stomatal closure was inhibited by the coaddition of
COR (Figure 2d), and the inhibition was impaired in coil-1 and
anac knockout mutants (Figures 2e and 2f), as reported
previously.'*'® However, the ABA-induced stomatal closure
was not inhibited by the coaddition of 3-ent4 in wild type plants
as well as in both mutants (Figures 2d—2f).

These careful physiological assessments of 1 and the
stereoisomer 3-ent4 using knockout mutants of A. thaliana
strongly suggest that 1 functions differently in the stomatal
reopening after ABA-mediated closure and in the inhibition of
ABA-mediated stomatal closure itself, and the reopening of
closed stomata mediated by 3-ent4 is independent of the COI1-
JAZ-MYC2-NAC signaling cascade (Figures 1b—1f). It is also
interesting that the enantiomer ent3-4 was ineffective at
stomatal reopening, as this result strongly suggests that
molecular recognition of the stereochemistry of the ligand,
probably by an unknown receptor protein, is involved in the
reopening of closed stomata. Additionally, 1 triggered the
reopening of closed stomata in the mutants coil-1, coil-16s, and
anac even though the COI1-JAZ-MYC2-NAC signaling module
is located upstream of the ABA-mediated or SA-related
signaling cascades that lead to the inhibition of stomatal
closure (Figures 2a—2c).

Our results clearly show that the reopening of closed stomata
is regulated by a mechanism that is distinct from the inhibition
of ABA/SA-mediated stomatal closure (Figures 1 and 2). This
is consistent with the results of our previous in silico docking
study”” in which some 1 derivatives were unable to bind the
COI1-JAZ coreceptor despite these compounds’ being effective
in a stomatal reopening assay.”” We thus hypothesized that 1
counters stomatal defense through two functions: COI1-JAZ-
independent reopening of closed stomata and the well-known
COI1-JAZ-dependent inhibition of stomatal closure.

Diyne-Tagged 1 and in Vivo Raman Imaging of
Subcellular Localization. The subcellular localization of a
small molecule can provide important information on its mode
of action.”® The nuclear colocalization of COIl and JAZ9 was
observed in A. thaliana and Nicotiana tabacum epidermal cell,””
thus, the information on the subcellular localization of 1
derivative which is effective at stomatal reopening and
ineffective as a COI1-JAZ agonist will confirm COI1-JAZ
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independence of 1-mediated reopening of closed stomata and
provide information on the potential mode of action. Our
previous attempt by using fluorescein-labeled 1 (FL-1) resulted
in failure because the synthetic FL-1 was ineffective at
reopening of closed stomata.”” We therefore focused on the
in vivo alkyne-tag Raman imaging (ATRI) technique'®™*!
because the alkyne-tag necessary for ATRI is much smaller than
fluorescein and is expected not to affect the bioactivity of
original 1. ATRI has been used to examine the subcellular
accumulation of alkyne-tagged EAU'® and diyne-tagged
coenzyme Q in HeLa cells”’ and was recently applied to
monitoring the distribution of diyne-tagged sphingomyelin in
the lipid raft-mimicking domain of an artificial membrane.”'
However, ATRI is a state-of-the-art technique; thus, past
reports of ATRI have been confined to proof-of-concept
experiments using well-studied examples that have already been
verified by other methods. We observed the subcellular
localization of § in a guard cell, which to our knowledge is
the first successful application of ATRI on living plant cells.
ATRI using 5 demonstrated a distinct difference in subcellular
localization between 1 and the COII-JAZ module following
stomatal reopening.

A 1-based ATRI probe should be effective at stomatal
reopening and ineffective as a COI1-JAZ agonist, thus
precluding colocalization with the COII-JAZ machinery in
the guard cell. As mentioned for 3-ent4, the 3 moiety in 1 may
play an important role in the induction of stomatal reopening,
while structural modification of the 4 moiety might not affect
the bioactivity of 1. Thus, we designed and synthesized a diyne-
tagged 1 (S) consisting of naturally occurring 3 and a diyne-
tagged 1-amino acid;”” the enantiomer ent-5 was synthesized as
a control (Figure 3a, Scheme S1). The use of a methyl ester
proved to be suitable for practical use because of its improved
bioactivity. Both Ss provided a strong Raman signal at 2260
cm™! (Figure S2).

Figures 3b—3f show the physiological evaluation of § and ent-
S, using the same methods as described in Figure 1. § was as
effective as 1 for stomatal reopening in Col-0, coil-1, and coil-
165> mutants, whereas ent-S was ineffective (Figures 3b, 3c,
and S4). Moreover, Y2H assays and analysis of gene
expressions under the control of COI1-JAZ signaling (AOS
and VSP2) suggested that 5 was ineffective as agonists of the
COI1-JAZ coreceptor (Figures 3d—3f). These results suggested
that S is as effective as 1 in triggering the reopening of closed
stomata through a COIl-JAZ-independent signaling pathway.
Thus, we expected S to provide information on the subcellular
localization of 1 during COI1-JAZ independent stomatal
reopening activity.

We measured the Raman spectra of subcellular regions of
Arabidopsis guard cells, including the nucleus, perinuclear area,
vacuole, and dorsal/ventral area of plasma membrane (Figures
4a and 4b). Strong autofluorescence due to the Arabidopsis
chloroplast prevents in vivo Raman imaging. Instead, we picked
up the Raman signals of 5 (2258 cm™) in each subcellular
region by the comparison of the normalized background signal
intensity within the same region. The 5 (2258 cm™) reopened
the closed stomata and then localized around the perinuclear
region, but not inside the nucleus, of Col-0 wild type guard cells
(Figure 4a). On the other hand, no clear localization was
observed using ent-5 (Figure 4a). The localization of 5 was not
affected by the presence or absence of the COIl protein, as
shown by its similar localization in the coil-16s mutant (Figure

4b).
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Figure 3. Physiological evaluation of Ss. (a) Structure of 5 and entS.
(b, c) Effect of 1 and Ss on reopening of closed stomata in wild type
Col-0 (b) and coil-16s A. thaliana (c). IAA was used as a positive
control. The dashed line indicates mean stomatal aperture of the
control without 1 derivatives. Bars represent mean stomatal aperture
and SE (n = 20 stomata). Letters a—e indicate significant differences
between the means (ANOVA: P < 0.05). (d) Y2H assay of ligand-
induced COI1-JAZ9 coreceptor formation. Lane A: Yeast cells
cotransformed with pDEST22-JAZ9 and pDEST32-COIl. Lane B:
Yeast cells cotransformed with pDEST22-RalGDS-m1 and pDEST32-
Krevl as a positive control. Lane C: Yeast cells cotransformed with
pDEST22-RalGDS-m2 and pDEST32-Krevl as a negative control. (e)
Pull-down assay of purified GST-COI1 (S nM) with recombinant E.
coli expressed MBP-JAZ9 (approximately 40 nM) in the presence of
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Figure 3. continued

diyne 5 (100 nM). All experiments were carried out according to the
same procedure as for Figure le. (f, g) Relative transcript levels of AOS
and VSP2 in A. thaliana treated with 1 and diyne-tagged 1Is.
Quantitative RT-PCR analyses of relative transcript levels were
performed after treatment with each 1 derivative. “Cont.” indicates
the mean AOS or VSP2 transcript level under control conditions. Bars
represent the mean AOS or VSP2 transcript level of test samples (100
uM). Bars represent mean and SE (n = 3). Letters a—c indicate
significant differences between the means (ANOVA: P < 0.0S).

We found that strong autofluorescence due to the Arabidopsis
chloroplast precluded in vivo Raman signal-based imaging of 5

in guard cells. To resolve this, we used the arc6 mutant of A.
thaliana, which is partly impaired in chloroplast formation,**~*°
and in which guard cells without chloroplasts have been
reported. As expected, low background autofluorescence from
the chloroplast was observed in arc-6 guard cells (Figure SS).
The use of arc6 mutant guard cells enabled the in vivo Raman
imaging of 5 within the guard cell. Fortunately, 5 remained as
effective as 1 for stomatal opening of arc-6 guard cells, whereas
ent-5 was ineffective (Figure S6). Figure Sa shows the in vivo
Raman imaging of § in an arc-6 guard cell. The background
noise in this ATRI experiment was very low compared to that
using Arabidopsis wild type Col-0 (Figure S7). The clear
localization of § around the nucleus and plasma membrane
(dorsal side) of arc-6 guard cells could be observed, whereas
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Figure 4. Raman spectra in each area of stomatal guard cell indicating subcellular localization of 5. Raman spectra in living guard cells of Col-0 (a)
and coil-16s (b) were obtained after 3 h treatment by 100 uM S (left)/entS (right). The threshold concentration for detecting S was ~100 sM. For
details, see Figure S3. Averaged Raman spectra for each subcellular area in the guard cell (1.2 gm X 1.1 ym in size: 3 X 3 pixels) are presented in
each color: nucleus area in red, perinuclear area in orange, vacuole area in cyan or blue, plasma membrane (dorsal area) in yellow or green, and
plasma membrane (ventral area) in purple. (a) Raman signal of § can be found in perinuclear area including ER, whereas no signal was observed in
all area for the entS, and (b) the localization was not affected even in coil-16s. The light intensity at the sample plane was calculated as 5.8—6.2 mW/
um? from the ratio of the measured laser power between the sample position and the area of the illumination line. The exposure time for each line

was 120 s. Spectra were vertically offset for ease of viewing.
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Figure S. Subcellular localization of 5 and nuclear localization of COIl
and JAZ9 in guard cells. (a) Raman imaging of 5 and entS at 100 uM
in living guard cells of A. thaliana arc6—1 after 3 h of treatment. 5
localized largely in the perinuclear area including ER, whereas no
localization was observed for the entS. The light intensity at the sample
plane was calculated as 6.2 mW/, ,um2 from the ratio of the measured
laser power between the sample position and the illumination line.
Exposure time for each line was 120 s. (b) Fluorescence imaging of
ER-Tracker (left) and nuclear marker HoeFLAc, (right). S in panel a
can be superimposed with ER-tracker, and not with HoeFLAc2.
Irradiation at 488 nm, detection at 490—S555 nm (green). (c) Both of
YFP:COI1 (left, yellow) and YFP:JAZ9 (center, yellow) can be
superimposed with HoeFLAc2 in panel b and localized in the nucleus
of Arabidopsis guard cell, whereas YFP as a control cannot localize in
the nucleus (right, yellow). YFP was detected at 490—555 nm, and
chloroplasts were detected at 415—735 nm under irradiation at 488
nm.

ent-S showed no specific localization in the same cells (Figures
5a, S8, and S9). In addition, ER-localization of § was
competitively inhibited by the addition of 1 (Figure S10). We
also observed that the fluorescence of ER-marker, ER-Tracker
Green, in arc-6 guard cells could be superimposed onto the
Raman signal of 5 (Figure Sb).

The use of the arc-6 mutant was highly successful in avoiding
the influence of the strong autofluorescence of chloroplasts in
plant cells (Figure Sa). Conventional methods used to
circumvent the effects of strong background autofluorescence,
such as resonance Raman scattering or the use of longer
wavelength irradiation, are ineffective for ATRI in plant cells
due to the low Raman signal intensity of diyne. Previous
applications of Raman spectroscopy in plant tissues have been
restricted to special cases, such as the observation of
endogenous polyacetylene in the roots of Daucus carota,
which contain no chloroplasts but accumulate a great amount
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(2.0 g kg™' FW) of polyacetylene.’’ Our strategy using the arc-
6 mutant will be a versatile new method for the in wvivo
application of ATRI in plant cells. While the results presented
here were obtained by spontaneous Raman microscopy, the use
of newly emerged ATRI coupled with coherent Raman
scattering microscopies would offer faster image acquisition,
greater detection sensitivity, and less photodamage.””™"" In
contrast, the nuclear localization of COIl and JAZ was clearly
observed in P;5,-COIL:YFP and P;-JAZ9:YFP guard cells
(Figure Sc). Thus, a distinct difference in localization was
confirmed between $ and the COIl-JAZ coreceptor in
Arabidopsis guard cells (Figures Sa and Sc). Our observations
strongly suggested that the reopening of closed Arabidopsis
stomata by 1 can be linked to the unique localization of 1 in
guard cells.

Recently, Higaki et al. reported subcellular microscopic
imaging of guard cells using markers for various organelles,38
revealing the typical distribution of organelles in the guard cells
of open or closed stomata. In their study, the localization of the
ER in the guard cells changed dramatically before and after
stomatal opening.”® Our observations of the localization of § in
arc-6 guard cells seem to correspond well with the distribution
of GFP-ER in the guard cells of open stomata. Moreover, the
fluorescence pattern of an ER-marker, ER-Tracker Green, in
arc-6 guard cells was very similar to the Raman signal of §
(Figure Sb). It is therefore plausible to conclude that $ localizes
in the ER of arc-6 guard cells. In contrast, the COI1-JAZ
machinery was confirmed to localize to the nuclei of guard cells
(Figure Sc). This observation corresponds well with the nuclear
colocalization of COIl and JAZ9 in A. thaliana and Nicotiana
tabacum epidermal cells, in which the physical interaction
between JAZ9 and the TF MYC2 plays a pivotal role.”” The
ATRI experiments strongly support the involvement of a
COI1-JAZ-independent function of 1 in Arabidopsis guard cells.

The ER thus has an important role in the 1-mediated
reopening of stomata. This result provides an important clue
for the noncanonical function of 1 in the Arabidopsis guard cell.
The swelling of guard cells leading to the stomatal opening is
initiated by the activation of H'-ATPase, and subsequent
membrane hyperpolarization activates the volta§e-dependent
inward-rectifying potassium channel KAT-1."""" KAT-1 is
synthesized and packaged into COPII around the perinuclear
region of ER where we observed the Raman signal of § and
then transported to the plasma membrane through Golgi
apparatus.”~* Ton channel trafficking will strongly affect
cellular volume control.*' Thus, our results provide new insight
on 1-mediated stomatal reopening that 1 potentially affects the
membrane trafficking of KAT-1 in the stomatal guard cell to
contribute to the reopening of closed stomata.

Bl CONCLUSIONS

In this paper, we described a COI1-JAZ-independent function
of 1 on Arabidopsis stomatal guard cells (Figure 6). The
bacterial virulence factor, 1, has been considered to inhibit
stomatal closure via the ABA-mediated COI1-JAZ signaling
pathway. However, AIRI experiments and extensive biological
assessments of 1 stereoisomers (ent-1, 3-ent4, ent3-4, 3, and 4)
suggested another scenario in which both COII1-JAZ-
independent and COI1-JAZ-dependent functions are involved
in the 1-mediated breaking of stomatal defense. It is plausible to
consider that the functions of 2 (a plant hormone) and 1 (a
bacterial virulence factor) in the Arabidopsis guard cell are not
identical despite their structural similarity. Only the bacterial
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Figure 6. Schematic diagram of the two functions of the bacterial virulence factor, 1, on stomatal guard cells to counter stomatal defense. In
Arabidopsis guard cells, 1 produced by Pseudomonas syringae counters stomatal defense through two functions: in #1 (left), 1 inhibits ABA-mediated
stomatal closure in response to bacterial PAMPs (pathogen-associated molecular patterns) through the COI1-JAZ-MYC2-NAC signaling cascade,
and in #2 (right), it simultaneously promotes the reopening of closed stomata through a COI1-JAZ-independent, ER-related mechanism.

virulence factor 1 is involved in the COIl-JAZ-independent
reopening of closed stomata.

The discovery of a COIl-JAZ-independent function will
provide a possible way to settle a dilemma of plant defense
against foreign invaders. Biotrophic bacteria hijack the COII-
JAZ signaling pathway to facilitate infection through the
bacterial virulence factor, 1. Inhibition of the COIl-JAZ-
independent action of 1 would suppress infection without
impairing the COIl-JAZ-dependent plant defense responses
against other invaders. A molecular understanding of this novel
function could lead to the development of new anti-infection
chemicals.

B MATERIALS AND METHODS

All experiments reported in this work were performed three or
more times with similar results. In Y2H and in planta assays, we
standardize the relative potencies of different ligands used (1
and the stereoisomers, 5/entS, and 2) before a new set of
experiments. Detailed procedures for protein and RNA
analyses, assays for stomatal reopening assay, Y2H, Raman
and fluorescence imaging, statistical analyses, and chemical
syntheses of 5 and entS can be found in SI Materials &
Methods.

Plant Materials and Growth Conditions. A. thaliana
plants were grown on Jiffy-7 peat pellets (Sakata Seed
Corporation, Japan) in a Biotron LPH-240SP growth chamber
(Nippon Medical & Chemical Instruments Co., Ltd., Japan) at
22 °C under 12 h light (100—118 pmol'm >s™"; cool-white
fluorescent light)/12 h dark conditions unless stated otherwise.
For quantitative PCR analysis, sterilized A. thaliana were grown
in 1/2 Murashige & Skoog liquid medium in a Biotron NC-220
growth chamber (Nippon Medical & Chemical Instruments
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Co., Ltd, Japan) at 22 °C under sterile 16 h light (118 pmol-
m 2~s ; cool-white fluorescent light)/8 h dark conditions.

Stomatal Reopening Assay. The abaxial leaf epidermis of
6- to 8-week-old Arabidopsis plants was peeled and cut to about
2 mm® For the assay of opening of stomata closed by ABA, the
peels were submerged in filtered (with cellulose acetate
membrane filter; 25 mm, 0.2 ym, 25CS020AS, ADVANTEC)
buffer (25 mM MES (Dojindo, Co., Ltd., Japan)—KOH, pH
6.15, 10 mM KCl) containing 10 uM ABA at 22 °C for 3 h in
the light (100—118 ymol'm™s™") to close the stomata. Then
the peels with closed stomata were washed and incubated for 3
h with each test sample in buffer (10 mM MES—KOH, pH 6.2,
50 mM KCl) at 22 °C in the dark. For the assay for opening of
closed stomata in the dark, the peels were submerged in filtered
buffer (10 mM MES—KOH, pH 6.2, 50 mM KCl) at 22 °C for
3 h in the dark to close the stomata. Then the peels with closed
stomata were incubated for 3 h with each test sample at 22 °C
in the dark. For the competitive inhibition of COR (Sigma-
Aldrich Japan Co. Ltd., Japan) and ABA on stomatal aperture,
the peels were submerged in filtered buffer (25 mM MES—
KOH, pH 6.15, 10 mM KCl) with 15 M ABA and 30 M
COR or COR derivative at 22 °C for 1 h in the light (100—118
umol-m~2s7"). Micrographs were taken under an IX71
microscope (Olympus Corp., Japan) equipped with a DP72
CCD camera (Olympus Corp.). The length of stomatal
apertures was measured using Image] 1.45S software (http://
imagej.net/Welcome).

Quantitative PCR. Seven-day-old plants were incubated in
autoclaved 1/2 Murashige & Skoog liquid medium containing
0.5% sucrose and 5 mM MES—KOH (pH 5.8) for 3 h at 22 °C
in the dark. Plants were sampled after one more hour of
incubation with each filtered 100 M of test sample at 22 °C in
the dark. Total RNA was isolated with an RNeasy Mini Kit
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(QIAGEN Co., Ltd, Germany). First-strand cDNA was
synthesized with ReverTra Ace reverse transcriptase (TOYO-
BO, Japan) using oligo-dT primers. Quantitative PCR was
performed by a StepOnePlus Real-Time PCR System (Life
Technologies, USA). Sequences of all primers for quantitative
PCR are listed in Table S2. Tubulin-alpha 5 was used as a
reference gene.

Y2H Prey-JAZ9 Bait-COI1 Assays. Y2H assays were
performed using the ProQuest Two-Hybrid System (Invitro-
gen, CA, USA). Coding sequences of COIl and JAZ9 were
amplified with the primers shown in Table S3 and cloned into
plasmid pENTR/D-TOPO (Invitrogen). Using Gateway
technology, COIl and JAZ9 were respectively transferred to
plasmids pDEST32 and pDEST22 and transformed into the
MaV203 strain (MATaq, leu2-3, 112, trp1-901, his3A200, ade2-
101, gal4A, gal80A, SPAL10::URA3, GALIl::lacZ, HI-
S3uascaLi::HISS@LYS2, canl®, cyh2®). Each transformed
yeast was grown in 1 mL of SD/—Leu/—Trp medium at 20
°C until the OD600 reached around 0.4 to 0.8. After collection
of yeast cells by centrifugation, cells were washed three times
with sterile water and the OD600 was adjusted to 0.6. After
that, 3 uL of cultures were spotted to SD/—His/—Leu/—Trp
medium containing each compound and 1% (v/v) ethanol in
each plate. To reduce the number of false-positive colonies, 15
mM 3-amino-1,2,4-triazole was also added to the SD medium.
Plates were incubated at 20 °C for 5—6 days to observe the
interaction.

Pull-Down Assay for COI1-JAZ Coreceptor Formation.
The plasmids of GST-fused COIl or ASK1 (pFB-GTE-COII
and pFB-HTB-ASK1) were obtained from Addgene (https://
www.addgene.org/). These proteins were coexpressed in insect
cells and purified by glutathione affinity chromatography.*’
Recombinant MBP-fused JAZ9"** were expressed in Escher-
ichia coli BL21 cells and purified in amylose resin (New
England Biolabs) columns according to the previously reported
protocols. In the pull-down experiments, purified COI1-GST
(S nM) with ASKI-GST and coronatine analogues (100 nM)
in 500 uL of incubation buffer (S0 mM Tris-HCl, pH 7.8,
containing 100 mM NaCl, 10% glycerol, 0.1% Tween20, 20
mM 2-mercaptoethanol, 1 yM IP;, EDTA-free complete
protease inhibitor cocktail according to the manufacturer’s
instructions (Roche)) was added to amylose resin-bound MBP-
JAZ9 (25 uL suspension of amylose resin with 40 nM MBP-
JAZ9). After 4 h incubation at 4 °C under rotation, the samples
were washed with S00 pL of fresh incubation buffer in
triplicate. The washed amylose resin was resuspended in 50 uL
of SDS—PAGE loading buffer containing maltose (20 mM).
Following boiling for 10 min at 60 °C, the samples were loaded
on SDS—PAGE and analyzed with Western blotting. The
bound COI1-GST were detected using anti-GST HRP
conjugate (RPN1236, GE Healthcare).

Statistical Analysis. The data were analyzed by one-way
ANOVA followed by a Student—Newman—Keuls post hoc test
among all means. Statistical analysis was conducted using
CoStat version 6.400 software (CoHort Software, http://www.
cohort.com).

Raman Microscopy. Raman spectra and images in Figures
4,5, S2, S3, S5, S7, S8, and S10 were obtained using laser-
scanning Raman microscopy (Raman-11; Nanophoton, Japan)
with a 532 nm excitation laser. The beam size was 160 ym X
0.27 um (X X Y), and the resolution was 0.40 ym X 0.37 um X
>1.0 um (X X Y X Z) per pixel. The laser beam was focused to
a line at the sample and scanned in 1D over a sample to acquire
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the Raman spectra and image. All data processing was
performed using Raman image processing software (Raman
Viewer; Nanophoton Corporation, Japan) installed on Raman-
11. The detailed conditions for each figure are described in the
Supporting Information.

Fluorescence Microscopy. Light micrographs and fluo-
rescent images in Figures S, S5, and S9 were taken using an
IX71 microscope equipped with DP72 CCD camera and WIB
filter (Olympus Corp., Japan) or an LSM-710 confocal
microscope system (Carl Zeiss, Germany). The detailed
conditions for each figure are described in the Supporting
Information.
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