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Many pathogenic fungi exploit stomata as invasion routes, causing
destructive diseases of major cereal crops. Intensive interaction is
expected to occur between guard cells and fungi. In the present
study, we took advantage of well-conserved molecules derived
from the fungal cell wall, chitin oligosaccharide (CTOS), and chitosan
oligosaccharide (CSOS) to study how guard cells respond to fungal
invasion. In Arabidopsis, CTOS induced stomatal closure through a
signaling mediated by its receptor CERK1, Ca®*, and a major S-type
anion channel, SLAC1. CSOS, which is converted from CTOS by chitin
deacetylases from invading fungi, did not induce stomatal closure,
suggesting that this conversion is a fungal strategy to evade stoma-
tal closure. At higher concentrations, CSOS but not CTOS induced
guard cell death in a manner dependent on Ca®* but not CERK1.
These results suggest that stomatal immunity against fungal inva-
sion comprises not only CTOS-induced stomatal closure but also
CSOS-induced guard cell death.

Ca* signaling | chitin oligosaccharide | chitosan oligosaccharide | fungal
resistance | stomatal immunity

Stomata, surrounded by pairs of guard cells, regulate gas ex-
change between plants and the environment, thus being criti-
cal for plant growth. On the other hand, a variety of bacteria,
oomycetes, and fungi exploit stomatal openings as major invasion
routes (1, 2). To prevent microbe invasion, plants can recognize
the so-called microbe-associated molecular patterns (MAMPs)
that are highly conserved in the whole class of microbes, such as
flagellin for bacteria and chitin oligosaccharides (CTOSs) for
fungi, leading to stomatal immunity or stomatal defense, including
stomatal closure and inhibition of stomatal opening (3-5). Recent
studies have focused on bacterium—guard cell interaction and
found that pathogenic bacteria secrete phytotoxins and proteins,
termed as effectors, to suppress bacterial MAMP-induced sto-
matal immunity (3-5). Although many pathogenic fungi penetrate
through stomata, posing major threats to crop production and
consequently human nutrition, the fungus—guard cell interaction
mechanism is much less understood.

Among the fungi penetrating through stomata, rust fungi are
notorious for causing many destructive diseases of major cereal
crops, such as wheat, maize, and barley (6). In an interaction be-
tween a wheat leaf rust fungus and Arabidopsis, it has been observed
that penetration of the rust fungi induced a transient stomatal clo-
sure, followed by the hypersensitive response of guard cells causing
guard cell death that eventually prevented the fungal infection (7).
Although the details of the molecular mechanism remain unknown,
these results suggest that guard cells actively respond to rust fungal
invasion even in the form of suicide.

Chitin, an insoluble polymer of p-1,4-linked N-acetylglucosamine,
is a major component of the fungal cell wall. During fungal invasion,
plant chitinases (Enzyme Commission [EC] 3.2.1.14) hydrolyze chi-
tin, releasing CTOS that triggers plant immune responses, mediated

20932-20942 | PNAS | August 25,2020 | vol. 117 | no. 34

by a receptor complex formed by lysin motif (LysM)-type receptor-
like kinases, lysin motif receptor kinase 5 (LYKS), and Chitin Elic-
itor Receptor Kinase 1 (CERK1), in Arabidopsis (8, 9). To suppress
plant immune responses, many fungi secrete chitin de-N-acetylases
(EC 3.5.1.41) to convert chitin to chitosan, a poor substrate of
chitinases, avoiding cell wall degradation, and CTOS to chitosan
oligosaccharide (CSOS) (10, 11). Fully deacetylated CSOS does not
bind to the CTOS receptor or induce immune responses, including
production of reactive oxygen species (ROS) and activation of
mitogen-associated protein kinases (MAPKSs) in Arabidopsis (12,
13). Thus, conversion of CTOS to CSOS is thought to dampen
plant immune responses against fungal invasion.

Recent studies have observed CTOS-induced stomatal closure
in Arabidopsis (14), but the molecular mechanism remains
largely unknown. It is known that rust fungi secrete chitin
deacetylases when they contact with guard cells intimately (10,
15). These results led us to hypothesize that conversion of CTOS
to CSOS is a strategy for rust fungi to evade CTOS-induced
stomatal immunity. However, guard cell responses to CSOS
remain largely unclarified.
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Cytosolic Ca®* is a critical second messenger in stomatal
movement (16-18). The influx of Ca** from the apoplast is me-
diated by Ca®*-permeable cation channels (I, channels) that are
activated by plasma membrane hyperpolarization (19-22). Eleva-
tion of free cytosolic Ca>* concentration ([Ca2+]cyt) is critical for
S-type anion channel activation in guard cells (23-25). Further
studies show that Ca”*-dependent protein kinase 6 (CPK6) and a
Ca®*-independent protein kinase, Open Stomata 1 (OST1), are
important for stomatal closure and activation of S-type anion
channels in guard cells (25-33). In addition to stomatal move-
ment, Ca”" is also an important second messenger in signaling
leading to plant cell death (34, 35).

In this study, we investigated CTOS signaling in guard cells
and guard cell responses to CSOS in Arabidopsis to clarify the
molecular basis for the interaction between guard cells and fungi.

Results

(GIcNAc)g but Not (GlcN)g Induces Stomatal Closure Mediated by CERK1.
In Arabidopsis, CTOSs have different activity in inducing immune
responses, with consistent activity seen for oligomers longer than
hexamer (12, 36). Here, we investigated the effect of a bioactive
CTOS, chitin octaose [(GIcNAc)g], and its fully deacetylated
counterpart, chitosan octaose [(GIcN)g], on stomatal aperture.
(GIcNAc)s induced stomatal closure in Col-0 in a dose-dependent
manner, with a half maximal effective concentration (ECsg) of
15.07 uM, whereas (GIcN)g at similar concentrations did not affect
stomatal apertures significantly (Fig. 1 and SI Appendix, Fig. S14).
Considering that the binding affinity of CTOS to its receptors is in
the range of micromolar (36, 37), it can be suggested the con-
centration at micromolar for CTOS-induced stomatal closure is
physiologically relevant.

Although (GIcNAc)g induced stomatal closure in leaf discs,
(GleNAc)g had little effect on transpirational water loss from
detached leaves (SI Appendix, Fig. S2). On the other hand,
abscisic acid (ABA) significantly reduced water loss from de-
tached leaves (SI Appendix, Fig. S2). The distinct effects of ABA
and (GIcNAc)g on transpirational water loss are probably due to
a difference in water vapor in the substomatal cavity through
certain limiting processes inside the leaf.

We next investigated the role of CTOS receptors CERKI,
LYKS, and LYK4, the closest homolog of LYKS, in CTOS guard
cell signaling. (GlcNAc)g-induced stomatal closure was impaired in
loss-of-function mutants cerkl-2 and cerkl-1 (Fig. 1C). A recent
study reported that CERKI1 is required for stomatal closure in-
duced by a crude chitin preparation (38). In the present study,
further results show that the defective phenotypes of cerkl-2 and
cerkl-1 were complemented with the expression of CERKI1
complementary DNA (cDNA) driven by the CaM V35S promoter
(35S CERKI) and genomic fragment of CERK1 driven by the 1.1-
kilobase (kb) native promoter sequence (§CERKI), respectively
(Fig. 1C). Note that 35S CERKI plants showed a more than
20-fold higher transcript level of CERKI (SI Appendix, Fig. S34)
but responded normally as wild type to (GlcNAc)s (P = 0.31). The
35S CERKI plants also showed normal CTOS responses, such as
ROS production and regulation of transcription (39). These re-
sults suggest that CERKI1 is essential but not rate-limiting for
(GIcNAc)g-induced stomatal closure in Arabidopsis. (GleNAc)s-
induced stomatal closure was not significantly affected by the
loss-of-function of mutations k4 and k5 (SI Appendix, Fig. S3 B
and E), which may be attributed to the redundancy of LYK4 and
LYKS (37).

In the following studies, we focused on functional analysis of
cerkl-2, which is widely used for elucidating CTOS signaling (12,
37, 40). Application of 1 mM Ca** significantly induced stomatal
closure in cerkl-2 (SI Appendix, Fig. S3C), which indicates that
stomata in cerkI-2 are functional.
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(GlcNACc)s Activates Ic, Channels and Induces [Caz"]q,t Elevations Mediated
by CERK1 in Guard Cells. Since Ca®* influx mediated by I, channels
and the subsequent [Caz*]cyt elevations are critical in stomatal
movement (4, 18, 41), we investigated the effect of (GlcNAc)s on I,
channels in guard cell protoplasts (GCPs) using the path-clamp
technique and [Ca2+]cyt in guard cells expressing a Ca>" reporter,
yellow chameleon 3.6 (YC3.6). (GlcNAc)s significantly activated I,
channel currents in Col-0 GCPs, which was impaired by the appli-
cation of Ca®* channel inhibitor, La®* (Fig. 2). Further results show
that the activation was impaired in cerkl-2 GCPs, which was com-
plemented by 35S CERKI (Fig. 2). These results indicate that
(GIeNAC)s activates I, channels in Arabidopsis guard cells mediated
by CERKI.

(GlcNAc)g significantly increased the number of guard cells
showing [Caz+]cyt elevations in wild type (P < 0.05), but not in cerkl-2
(P = 0.92) (Fig. 3 4 and B). The amount of Ca®* mobilized in each
guard cell showing [Caz*]Cyt elevations was significantly increased by
(GleNAc)s in wild type but not in cerkl-2 (Fig. 3C). The cerkl-2
mutation itself did not affect the basal level of Ca?* concentration
in guard cells (Fig. 3D). These results indicate that (GlcNAc)s in-
duces [Ca2+]cyt elevation in Arabidopsis guard cells in a CERKI-
dependent manner.

(GIcNAC); Activates SLAC1 Mediated by CERK1 and Ca** in Guard Cells.
Activation of the S-type anion channel is critical for stomatal
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Fig. 1. (GIcNAC)s but not (GlcN)g induces stomatal closure mediated by
CERK1. (A and B) Dose effect of (GIcNACc)s (A) and (GlcN)g (B) on Col-0 sto-
matal aperture. (C) (GIcNAC)g-induced stomatal closure in cerk1 knockout
and complemented plants. Averages from three independent experiments
(90 total stomata per bar) are shown. Data are mean + SEM (n = 3). Student’s
t test: *P < 0.05; N.S., no significant difference.
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B 60 uM (GIcNAc)g+1 mM La3*

(GIcNACQ)g activates Ic, channels mediated by CERK1 in guard cells. (A) Representative whole-cell Ic, channel current recordings in GCPs. (B-D) Average

current-voltage curves of whole-cell Ic, channel current recordings in A. Data are mean + SEM (n = 5). (E) Average currents at —180 mV. Data are mean + SEM
(n = 5). Different letters indicate statistical significance (P < 0.05, ANOVA with Tukey'’s test).

closure induced by many kinds of stimuli (25 26, 28, 42). As
shown in Fig. 4, (GlcNAc)g induced S-type anion channel currents
in wild-type GCPs but not in cerkl -2 when the [Ca2+]cyt was buff-
ered to 2 pM. At the same [Ca® "y, 35S CERKI complemented
the defective phenotype of cerkl-2 GCPs. It is known that elevated
[Ca® eyt Is essential for S-type anion channel activation in response
to abiotic stimuli (23, 25). We then investigated the role of Ca**
(GleNAc)g-induced S-type anion channel actlvatlon When [CazJ']Cyl
was buffered to 150 nM, a basal level of [Ca® ey in guard cells
(23, 24, 43), (GlcNAc)g did not activate S-type anion channel
currents (Fig. 4). Taken together, these results indicate that CERK1
and elevated [Ca®*].. vt are essential for (GIcNAc)g activation of
S-type anion channels in Arabidopsis guard cells.

The main S-type anion channel in guard cells, SLOW ANION
CHANNEL-ASSOCIATED 1 (SLAC1), is crucial for stomatal
closure and S-type anion channel activation (44, 45). Recent
studies show that Ser59 and Ser120 in SLACI can be phos-
phorylated by CPK6 and OST1 in vitro, and their phosphoryla-
tion is critical for ABA-induced stomatal closure and activation
of S-type anion channels (27, 29, 46). Here, we investigated the
role of SLACI and its phosphorylation in (GlcNAc)g guard cell
signaling. (GIcNAc)g-induced stomatal closure and activation of
S-type anion channels were impaired by the loss-of-function
mutation, slacl-1 (Fig. 5 A-D). In the slacI-1 complemented
plants (established in ref. 29), (GIcNAc)g-induced stomatal clo-
sure was complemented by the expression of wild-type SLACI,
SLACI-WT, and serine-to-alanine mutants, SLAC1-S59A and
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SLACI1-S120A, but not by SLAC1-S59A S120A double mutant
(P < 0.01 compared to SLAC1-WT) (Fig. 54). (GlcNAc)g acti-
vation of S-type anion channels was also impaired in the SLACI1-
S59A S120A mutant (Fig. 5 B-D). Furthermore, loss-of-function
mutations of CPK6 and OSTI impaired (GlcNAc)g-induced
stomatal closure (Fig. SE). These results indicate that SLAC1
and its phosphorylation at Ser59 and Ser120 are required for
(GlIeNAc)g-induced stomatal closure and activation of S-type
anion channels.

To further understand how the CERKI1-mediated pathway trig-
gers the activation of SLACI, the interaction between CERK1 and
CPK6, OST1, and SLACI1 was investigated by bimolecular fluores-
cence complementation (BiFC) and Gal4-based yeast two-hybrid
assays. As transient expression of wild-type CERK1 induced cell
death in Nicotiana benthamiana (38), kinase-dead CERK1P*!Y was
used in the BiFC assay. Clear fluorescent signals were observed with
the combination of CERK1P*!Y plus OST1 and CERK1P*!Y plus
CPKG6, but not CERK1”*!Y plus SLAC1 (Fig. 64 and ST Appendix,
Fig. S44). Note that fluorescence signals were observed when
expressing OST1 plus SLACI, indicating SLACT is properly expressed
(8I Appendix, Fig. S44). To check the specificity of CERKI1 in-
teraction signals, we investigated the interaction of CPK6 and
OST1 with LYK4, LYKS, and FLAGELLIN-SENSITIVE2 (FLS2),
a receptor of bacterial flagellin. YFP signals were observed
from LYK4 plus CPK6, LYKS plus CPK6, FLS2 plus CPK6,
LYK4 plus OST1, and LYKS plus OST1, but not from FLS2 plus
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Fig. 3. (GIcNAC)g induces [Caz"]cyt elevations in guard cells in a CERK1-dependent manner. (A) Representative traces of fluorescence emission ratios (535/480
nm) showing transient [Caz*]cyt elevations in Col-0 and cerk7-2 guard cells treated with 60 uM (GIcNAC)s. (B) Percentage of number of guard cells showing
different number of transient [Ca2+]<yt elevations. (C) Area of transients of ratio (F535/F480) elevation in each guard cell showing [Ca2+]cyt elevations in B. Area
of ratio transients per guard cell was calculated as the sum of areas of ratio transients above the baseline ratio in each guard cell and is considered pro-
portional to the amount of Ca** mobilized. (D) Baseline ratio (F535/F480) in guard cells. (E) Traces of fluorescence emission in Col-0 guard cells treated with
60 uM (GIcNAC)g in A. Note that fluorescence at 485 nm (white circles) decreases while fluorescence at 530 nm (black circles) increases, confirming fluorescence
resonance energy transfer of the YC3.6 reporter. (GIcNAc)g was added 5 min after the start of imaging. The average fluorescence ratio in the first 5 min of
imaging was considered as the baseline ratio in D. [Caz"]cyt elevations were counted when changes in fluorescence ratios were more than or equal to 0.1 U
from the baseline ratio. Data are mean + SEM. Different letters indicate statistical significance (P < 0.05, ANOVA with Tukey’s test). N.S., not significant.

OST1 (SI Appendix, Fig. S44), suggesting that the interaction with  transient nature of these interactions, which are easier to happen
OST1 is specific to CERK1 and its homologs. in an in vitro kinase assay with enough amounts of interacting
Yeast two-hybrid assays detected the interaction of the proteins. Based on the above interaction results, we hypothesize
CERKI1 kinase domain with OST1 (Fig. 6B) but not with CPK6,  that CERK1 interacts with OST1 but not SLACI in guard cells
SLACI N terminus, or SLAC1 C terminus (Fig. 6B and SI Ap-  while CPK6 is mainly regulated by CERK1-dependent [Ca2+]cyt
pendix, Fig. S4B). However, under our experimental conditions,  elevation. These results also led us to test whether (GlcNAc)g
the interaction of OST1 and CPK6 with SLACI N terminus or C  induces OST1 kinase activity. In our in-gel kinase assay, ABA
terminus was not detected (SI Appendix, Fig. S4B), which is not  but not (GlcNAc)g increased OST1 kinase activity (SI Appendix,
consistent with the previous reports showing phosphorylation of ~ Fig. S5), which suggests that (GIcNAc)g does not increase OST1
SLACI N terminus and C terminus by OST1 and CPKG6 in vitro  kinase activity in guard cells. Further research is undergoing to
kinase assays (27, 46). The discrepancy could be due to the investigate how OST1 is involved in (GlcNAc)g signaling.
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Activation of SLAC1 by CPK6 and OST1 is tightly regulated
by not only ABA but also type 2C protein phosphatases such as
ABI1 and ABI2 and the ABA receptors PYR/PYL/RCAR (47).
Here, to understand where (GlcNAc)g signaling interacts with
ABA signaling, we investigated (GIcNAc)s-dependent stomatal
closure in dominant negative mutants in ABA signaling, abil-1C
and abi2-1C. It was found that (GlcNAc)s-induced stomatal
closures were inhibited in the abil-1C and abi2-1C (SI Appendix,
Fig. S3F), suggesting that signaling of (GIcNAc)s and ABA in-
teracts also at the points of type 2C protein phosphatases.

(GlcN)g Induces Guard Cell Death in a Manner Dependent on Ca®* but
Not CERK1. The effects of (GlcN)s and (GIcNAc)g on guard cell
viability were investigated by fluorescein diacetate (FDA)
staining. Mock and CTOS treatment did not significantly affect
the FDA staining rates of guard cells (Fig. 74). Unexpectedly,
(GlcN)g treatment significantly decreased the FDA staining rate
in a dose-dependent manner with an ECs, of 57.87 pM (Fig. 74
and SI Appendix, Fig. S1B) Time-course experiments further
show that 60 pM (GIcN)g massively decreased FDA staining rate
after 30 min (SI Appendix, Fig. S6A4). The guard cells treated with
(GIcN)g were also stained by propidium iodide (PI), a fluores-
cent dye that cannot permeate an intact cellular membrane (S
Appendix, Fig. S6 B-D). These results indicate that (GlcN)g in-
duces guard cell death in Arabidopsis. (GlcN)g induced guard cell
death also in cerkl-2, lyk4, and lyk5 (Fig. 7B and SI Appendix, Fig.
S7A), indicating that CERK1, LYK4, and LYKS5 are not essen-
tial for the guard cell death.

ROS and Ca?* are known to be involved in cell death induced
by many stimuli (34, 35, 48). We performed pharmacological
studies to study the roles of ROS and Ca?* in (GlcN)g-induced
guard cell death using salicylhydroxamic acid (SHAM) and
diphenyleneiodonium (DPI), inhibitors of two major ROS-
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producing enzymes in guard cells, class III peroxidases and
NAD(P)H oxidases (20, 49), and La®*, a broad Ca®>* channel
blocker. Only La** treatment but not SHAM or DPI impaired
(GleN)g-induced guard cell death (Fig. 7C and SI Appendix, Fig.
S7 B and C). Note that (GlcN)g induced ROS accumulation in
guard cells, which is mediated by the enzymes sensitive to SHAM
but not to DPI (SI Appendix, Fig. S7D). (GlcN)g induced guard
cell death in rbohD rbohF, a mutant functionally defective in
two major NAD(P)H oxidases in guard cells (SI Appendix, Fig.
S7A4). These results together suggest that Ca>* but not ROS
production is required for (GlcN)g-induced guard cell death in
Arabidopsis.

We then investigated whether (GIcN)g activates I, channels
and induces [Ca“]cyt elevation in guard cells. (GIcN)g activated
Ic. channel currents in both Col-0 and cerk1-2 GCPs, which was
inhibited by La>* (Fig. 8). Yellow chameleon 3.6-based [Ca®* .y
imaging shows that (GIcN)g induced a burst of the fluorescence
ratio in both Col-0 and cerkl-2 guard cells (Fig. 9). However, the
CFP fluorescence did not increase back to the basal level while
the YFP fluorescence decreased below the basal level, which was
in contrast to a proper function of YC3.6 seen in (GIcNAc)s-
triggered change of YFP and CYP fluorescence in guard cells
(Fig. 3E). The malfunction of YC3.6 following the Ca®* burst
was also an indicator of the cell death fate. Note that the timing
for the Ca>™ burst varied from cell to cell, which was consistent
with the finding that the timing of cell death varied from cell to
cell, as evidenced by some guard cells still alive after 2 h (GIcN)g
treatment (Fig. 74). The lag time needed for the (GlcN)g-in-
duced [Caer]Cyt elevation suggests that accumulation of signaling
intensity or potential transcription and translation events are
required for the [CazJ’]Cyt elevation.
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Discussion

CTOS as a Model Fungal MAMP to Study Fungus-Induced Stomatal
Closure. Several fungal MAMPs have been shown to induce sto-
matal closure in different plant species, with chitosans of different
polymerization and acetylation being the most studied MAMPs
(50-52). Studies have suggested that degree of polymerization and
acetylation and viscosity are important for chitosan function (53,
54). It is also possible that chitosan functions through CERK1
since partially acetylated chitosan binds to CERK1 (12), and its
acetylated moiety could be released by plant chitinases. Never-
theless, because of the heterogenic nature of these chitosans, their
mode of function is difficult to be clarified.

To further elucidate fungal MAMP signaling in guard cells,
recent studies have begun to investigate the signaling induced by
the well-known fungal MAMP, CTOS, in Arabidopsis, showing
that the 14-3-3 protein is involved in CTOS-induced stomatal
closure (55) and that CTOS induces elevation of [Ca“]Cyt (56)
and transitions in actin filament organization in guard cells (14).
The presented results using synthetic (GIcNAc)g as a representative

Ye et al.

CTOS further reveal that CTOS induces stomatal closure through a
core signaling mediated by CERKI, Ic, channels, Ca>*, CPKo,
PP2Cs, OST1, and SLACI in Arabidopsis. Given that OST1 and
SLAC1 are guard cell-specific genes, it will be interesting to in-
vestigate whether their homologs play a role in CTOS signaling in
other cell types.

Although OST1 is required for stomatal closure induced by
ABA, methyl jasmonate, CO,, flg22, and fungal MAMPs, its
activity is only increased by ABA (31, 57-59) (SI Appendix, Fig.
S5). Guard cells generally contain much more ABA compared to
other cells and have basal OST1 kinase activity under resting
conditions (59, 60). Although a model of OST1 function at basal
activity in guard cells has been proposed (31, 59), future research
is needed to clarify how the basal OST1 activity regulates CTOS
signaling and whether interaction with CERK1 plays a role in the
regulation.

During the preparation of the manuscript, it was reported that
a homolog of SLACI1, SLAH3, but not SLACI, and a receptor-
like cytoplasmic kinase, PBL27, were required for stomatal clo-
sure induced by a crude chitin preparation containing long-chain
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Fig. 6. CERK1 interacts with OST1. (A) Confocal microscopy of N. ben-
thamiana leaves transiently expressing the indicated split-YFP constructs.
Representative images are shown. (Scale bar: 100 pm.) (B) Interaction anal-
ysis of CERK1 kinase domain (CERK1XP) with OST1, CPK6, and SLAC1 N ter-
minus (SLAC1-NT) and C terminus (SLAC1-CT) using yeast two-hybrid assays.

and short-chain CTOS and CSOS at 1 mg/mL (38). On the other
hand, the presented results show that SLAH3 and PBL27 are not
essential for stomatal closure by a representative CTOS, (GlcNAc)g
(SI Appendix, Fig. S3 D and E). This discrepancy is not fully
understood. Probably, it is from the differences in nature of the
signaling triggered by mixture and a particular CTOS as seen in
previous studies and discussed by Bi and Zhou (61) and by
Yamaguchi et al. (62). Studies have shown that interactions be-
tween different oligosaccharides play important roles in deter-
mining signaling specificity (63). An interesting possibility is that
CSOS in the crude chitin preparation may interact with CTOS to
define CTOS signaling specificity.

CSOS Induces Guard Cell Death in Arabidopsis. Since fully deacety-
lated forms of CSOS hardly bind to CERK1 and do not induce
ROS production in leaf or activation of MAPKS in seedlings in
Arabidopsis (12, 13), we initially hypothesized that the Arabi-
dopsis guard cell does not respond to CSOS. This idea may hold
true at low concentration based on our results that (GlcN)g did
not affect stomatal aperture or cell viability at 6 pM, but
(GIcNAc)g induced clear stomatal closure (Figs. 1 and 7). In-
terestingly, previous studies have observed that wheat rust fungi
produce chitin deacetylases and induce a transient stomatal
closure in Arabidopsis (7, 10). These results together suggest that
conversion of CTOS to CSOS by chitin deacetylase is a fungal
strategy to evade CTOS-induced stomatal closure.

Surprisingly, CSOS at higher concentrations induces guard cell
death, which does not require CERK1 but requires Ca** influx
(Fig. 7). Recent studies have shown that CSOSs induce a series
of immune responses to alleviate virus and bacterial infection in
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Arabidopsis (64, 65). These results indicate that Arabidopsis cells
do perceive CSOS in a CERKIl-independent manner. Since
CSOS activated I, channels in GCPs after the establishment of
a whole-cell configuration (Fig. 8), it can be suggested that the
sensing of CSOS occurs on the plasma membrane. Studies have
found that CSOS binds to several proteins in the plasma mem-
brane (66, 67). It would be interesting to investigate whether
these proteins are involved in the CSOS-induced guard cell
death. Downstream of Ca*, Ca®" sensors, including CPKs, are
known to be involved in cell death triggered by defense signals
(34, 35). Future research is needed to find the Ca** sensors
involved in the CSOS-induced guard cell death.

Guard cell death has been observed in several nonadapted rust
fungus—plant interactions and consequently stops the fungal in-
fection through the stomata (7, 68). The results raise the possi-
bility that CSOS sensing triggers the rust fungus-induced guard
cell death. Future studies to determine the local concentration of
CSOS produced during fungal infection would further shed light
on the role of CSOS in the guard cell-fungus interaction. Since
CSOS-induced cell death was observed not only in guard cells but
also in epidermal cells and mesophyll cells (ST Appendix, Fig. S6 E
and F), we speculate that CSOS contributes to the induction of
cell death of other plant cell types for resistance against non-
adapted fungi. On the other hand, a scenario for necrotrophic
fungi is that they may use CSOS in addition to other chemical
weapons to kill the host cell for infection. Many pathogenic fungi
have strategies to interfere with CTOS-triggered plant immunity.
An example is that pathogenic fungi secrete a LysM domain-
containing effector, Ecp6, to sequester CTOS but not CSOS
from being sensed by plant cells (69). Similarly, it is possible that
pathogenic fungi have mechanisms to either avoid or utilize
CSOS-triggered cell death for successful infection.

Stomatal Immunity Comprises Not Only Stomatal Closure but Also Guard
Cell Death. Plant chitinases, fungal chitin deacetylases, and their
hydrolysis products, such as CTOS and CSOS, play important roles
in plant—fungus interaction (8, 9). Based on our results, we pro-
posed a model to summarize possible guard cell-fungus interactions
(SI Appendix, Fig. S8). In the model, CTOS released by plant chitinases
induces stomatal closure to prevent fungal invasion. On the other
hand, fungi secrete chitin deacetylases to evade stomatal closure.
When CSOS accumulates over a threshold, cell death signaling is
triggered in %uard cells, which eventually prevents most fungal
infection. Ca®* as a shared second messenger determines the
output of CTOS and CSOS signaling.

Stomatal immunity as part of active plant immunity has been a
focus of plant-microbe interaction research in the past decade,
which is so far solely understood as stomatal closure induced by
microbe invasion (3-5). The presented finding that a guard cell
actively executes cell death in response to the conserved fungal
cell wall component, CSOS, thus represents a conceptual ad-
vance in understanding of stomatal immunity. Given previous
observations that bacteria inject a cell death-inducing effector
into guard cells to suppress stomatal closure (70, 71), we expect
that cell death is a general guard cell defense mechanism, fol-
lowing the failure of stomatal closure, against different patho-
gens, and believe that the concept that stomatal immunity also
includes an active guard cell death would guide future research
on guard cell-microbe interaction and crop protection.

In summary, our results suggest that conversion of CTOS to
CSOS is a strategy for fungi to facilitate penetration through
stomata while guard cells can sense not only CTOS to induce
stomatal closure, but also CSOS to induce cell death, eventually
warding off most fungal infection.

Materials and Methods

Plant Materials and Growth Conditions. Arabidopsis (Arabidopsis thaliana) wild
type (Columbia), Nossen, cerk1-2 (40), 35S CERK1 (39), cerki-1 (40), gCERK1
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Fig. 7. (GlcN)g induces guard cell death in a manner dependent on Ca®* but not CERK1. (A-C) FDA staining rate of guard cells treated with oligosaccharides
for 2 h. A and C are results from Col-0 guard cells. Averages from three independent experiments (100 to 200 guard cells per bar) are shown. Data are mean +
SEM (n = 3). Asterisks indicate statistical significance compared to mock treatment in the same genotype (P < 0.05, Student's t test). (Scale bar: 20 pm.)

(40), cpk6-2 (28), ost1-3 (31), slacT-1 (29), SLACI-WT (29), SLAC1-S59 (29),
SLAC1-5120 (29), SLAC1-S59 S120 (29), lyk4-2 (72), lyk5-2 (72), pbl27-1 (73),
slah3-1 (GK_371G03), abi1-1C (31), abi2-1C (31), and rbohD rbohF (74) were
grown in pots filled by a mixture of vermiculite (70% [vol/vol]; Asahi-kogyo,
Okayama, Japan) and kureha soil (30% [vol/vol]; Kureha Chemical, Tokyo,
Japan) at 22 + 2 °C with relative humidity of 60 + 10% in a growth chamber
under a 16-h white light (80 pmol-m‘z-s‘1)/8—h dark regime. All of the mutants
are in the Col-0 ecotype background, except for cerk7-1, which is in the Nossen
ecotype background. The plants were supplemented with nutrition solution
(0.1% Hyponex solution; Hyponex, Osaka, Japan) twice or three times a week.
To obtain YC3.6-expressing cerk1-2 mutants, cerk7-2 mutants were crossed
with wild-type plants expressing YC3.6. Homozygous YC3.6-expressing cerk1-2
mutants were used for imaging of [Ca**]... For all experiments, the plants
used were 4 to 6 wk old.

(GIcNAc)g and (GlcN)s. (GIcN)g was kindly provided by Yaizu Suisankagaku In-
dustry Co., Ltd., Shizuoka, Japan. (GIcNAc)g was prepared by re-N-acetylation of
the (GlcN)g (75). No contaminant such as (GlcN)g in the prepared (GIcNAC)g was
detected by matrix-assisted laser desorption ionization time-of-flight mass
spectroscopy (75). The same (GIcNAc)s has been used in a series of previous
studies (40, 76-78). Stock solutions of (GIctNAc)s and (GlcN)s were prepared
using water as solvent and diluted to required concentrations in the buffers for
each experiment. Mock treatment and oligosaccharide treatment were per-
formed by replacing the preincubation buffers with the same buffers without
or with oligosaccharides.

Stomatal Aperture Measurement. Leaf discs (3 mm in diameter) from fully
expanded rosette leaves were floated on solution [5 mM KCl, 50 uM CaCl,,
and 10 mM 2-(N-morpholino)ethanesulfonic acid (MES)-Tris (pH 6.15)] with
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(GIcN)g activates Ic, channels in guard cells. (A) Representative whole-cell I, channel current recordings in GCPs. (B) Average current-voltage curves of

whole-cell Ic, channel current recordings in A. Data are mean + SEM (n = 5 for Col-0; n = 3 for cerk1-2).
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Fig. 9. (GlIcN)g induces [Caz"]cyt elevations in guard cells. (A and B) Representative traces of fluorescence emission ratios (535/480 nm) in Col-0 (n = 14) and
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their adaxial surface upward in the light for 2 h to create a condition that most
of the stomata are open before MAMP treatment. Then (GIcNAC)s or (GlcN)g at
the indicated concentration was added, and the leaf discs were incubated in the
light for another 2 h before measurement. The stomatal apertures in the ab-
axial epidermis of leaf discs were imaged using a microscope (Biozero BZ-8000;
Keyence, Osaka, Japan), followed by measurement using Image J software
(NIH, Bethesda, MD). For each sample, apertures of 30 stomata were measured.

Patch-Clamp Measurement. Measurements of Ic, and S-type anion channel
currents in Arabidopsis GCPs were performed as described previously (26,
31). For measurement of Ic, channel currents, a whole-cell configuration was
established firstly and then was recorded 16 times to get averages for con-
trol. After adding 60 pM (GIcNAc)g extracellularly, the GCPs were recorded
for 16 times to get averages for the (GIcNAC)g treatment. After adding 1 mM
La®* in the presence of 60 uM (GIcNAC)s, the GCPs were recorded for 16 times
to get averages for the (GIcNAc)g+La3* treatment. The interpulse period was
1 min. For measurement of whole-cell S-type anion channel currents, GCPs
were treated with (GIcNAc)g for 2 h before recordings.

FDA and PI Staining. Rosette leaves were excised and gently mounted on a
glass slide with the adaxial side upward using a medical adhesive (Hollister).
Then, the adaxial epidermis and the mesophyll tissue were removed by a
razor blade leaving lower epidermis intact on the slide. The lower epidermis
was submerged in solution (5 mM KCl, 50 uM CaCl,, and 10 mM MES-Tris
[pH 6.15]) at 22 °C in the light for 3 h resting. After staining of the epidermis
with FDA (2 pg/mL), guard cells were imaged using a fluorescent microscope
(Biozero BZ-X700; Keyence, Osaka, Japan) and then treated with oligosac-
charides for 2 h, followed by imaging again. Inhibitors were added 30 min
before oligosaccharide treatment. Only the guard cells stained by FDA be-
fore treatment were taken into account for the calculation of FDA staining
rate, which was considered as the ratio of the number of FDA-stained guard
cells after treatment to the number before. Propidium iodide at 10 pg/mL
was used for staining. For FDA and Pl double staining, guard cells were
imaged using a fluorescent microscope (Leica DM2500; Leica Microsystems,
Wetzlar, Germany)

Mesophyll protoplasts used for FDA staining were prepared according to
ref. 79. After treatment of (GlcN)s for 2 h, mesophyll protoplasts were
subjected to FDA staining.

Imaging of [Ca®*]. in Guard Cells. For the measurement of [Ca®*]. in guard
cells, YC3.6-expressing wild-type and cerk1-2 plants were used according to
our previous methods (28, 31). (GIcNAc)g and (GlcN)g were applied 5 min
after the start of imaging.
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Quantitative RT-PCR. RNA from rosette leaves was extracted using NucleoSpin
RNA Plant (Takara). Then, 500 ng of RNA was used to synthesize cDNA using
PrimeScript RT Master Mix (Perfect Real Time) (TaKaRa Bio). Quantitative PCR
was performed using Power SYBR Green PCR Master Mix and a StepOne Real-
Time PCR System (Applied Biosystems, Carlsbad, CA). Primers used in PCR
amplification are as follows: 5-GGAGAAGTGTCTGCAAAAGTAG-3' and 5'-
CTACCGGCCGGACATAAGACTG-3' for CERKT; and 5-TGCGCTGCCAGATAA
TACACTATT-3" and 5'-TGCTGCCCAACATCAGGTT-3’ for UBQ10.

BiFC Assay. The coding sequences of OST1, LYK4, LYKS5, FLS2, CPK6, and SLAC1
were amplified using the primers shown in S/ Appendix, Table S1 and then
cloned into pXY106 to generate YFPn-OST1, LYK4-YFPc, LYK5-YFPc, FLS2-
YFPc, YFPN-CPK6, and YFPn-SLAC1. CERK1°"V was amplified by overlap
extension PCR using the primer shown in S/ Appendix, Table S1 and then
cloned into pXY104 to produce CERK1°*'V.YFPc. All constructs were
transformed into Agrobacterium tumefaciens strain GV3101 for transient
expression in N. benthamiana by agro-infiltration. Leaves were collected 2 d
after infiltration and subjected to confocal microscopy (Leica TCS SP5II) for
fluorescence detection.

Yeast Two-Hybrid Assay. A Gal4-based yeast two-hybrid assay was performed
as described below. The coding sequence of the CERK1 kinase domain was
cloned into the pGADT7 vector in frame with the activation domain using
the EcoRl site. The coding sequence of CPK6, OST1, and C terminus and
N terminus of SLAC1 were cloned into pGBKT7 in frame with the DNA-binding
domain using EcoRI and Sall sites. These vectors were then introduced into
the yeast strain Y2H Gold by the lithium acetate method. The transformants
were selected on synthetic dropout nutrient medium (SD-Leu/-Trp). Positive
colonies were transferred to selective mediums (SD-Leu/-Trp/-His/-Ade) and
(SD-Leu/-Trp/-His/-Ade/+X-a-Gal) for verification of interacting proteins. The
primers used for amplifying the coding sequences are shown in S/ Appendix,
Table S1.

Quantification of ROS Accumulated in Guard Cells. ROS accumulation in guard
cells was evaluated using 2’,7'-dichlorodihydrofluorescein diacetate (H2DCF-DA)
according to our previous method (28). Epidermal tissues were treated with
60 pM (GlcN)g for 15 min to induce ROS accumulation in guard cells.

Water Loss of Detached Leaves. Detached fully expanded rosette leaves were
floated on solution (5 mM KCl, 50 pM CaCl,, and 10 mM MES-Tris [pH 6.15])
with their petioles immersed and adaxial surface upward in the light for 2 h.
Then, 60 pM (GIcNAc)s and 10 pM ABA were added, and the leaves were
kept in the light for another 1 h. After surface drying, the fresh weight was
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determined at indicated time points up to 2 h. Relative water loss was
represented by the weight of the leaves at various time points divided by the
original weight.

In-Gel Kinase Assay. Ten- to 14-d-old seedlings were treated with 10 uM ABA
and 60 pM (GIcNAc)g for 30 min and then flash frozen in liquid nitrogen for
protein extraction. An in-gel kinase assay using protein extracted from the
seedlings was performed as described previously (29). The radioactivity of
the gel was visualized using Imaging Plate BAS-IP MS 2325 (FUJIFILM, Tokyo,
Japan) and BAS imaging analyzer FLA-7000 (FUJIFILM).

Statistical Analysis. Student’s t test and ANOVA with Tukey's test were used to
assess the significance of differences between datasets. The response of [Caz*]cyt
was assessed by y? test. Differences were considered significant for P < 0.05.

Accession Numbers. Arabidopsis Genome Initiative numbers for the genes dis-
cussed in this article are as follows: ABIT (AT4G26080), ABI2 (AT5G57050), CERK1
(AT3G21630), CPK6 (AT2G17290), FLS2 (AT5G46330), LYK4 (AT2G23770), LYK5
(AT2G33580), OST1 (AT4G33950), PBL27 (AT5G18610), RBOHD (AT5G47910),
RBOHF (AT1G64060), SLACT (At1g12480), and SLAH3 (AT5G24030).

Data Availability. All study data are included in the article and S/ Appendiix.
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