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Damaged cells send various signals to stimulate defense responses. Recent identification and genetic studies of the plant
purinoceptor, P2K1 (also known as DORNT1), have demonstrated that extracellular ATP is a signal involved in plant stress
responses, including wounding, perhaps to evoke plant defense. However, it remains largely unknown how extracellular ATP
induces plant defense responses. Here, we demonstrate that extracellular ATP induces plant defense mediated through activation
of the intracellular signaling of jasmonate (JA), a well-characterized defense hormone. In Arabidopsis (Arabidopsis thaliana) leaves,
ATP pretreatment induced resistance against the necrotrophic fungus, Botrytis cinerea. The induced resistance was enhanced in the
P2K1 receptor overexpression line, but reduced in the receptor mutant, dorni-3. Mining the transcriptome data revealed that ATP
induces a set of JA-induced genes. In addition, the P2K1-associated coexpression network contains defense-related genes, including
those encoding jasmonate ZIM-domain (JAZ) proteins, which play key roles as repressors of JA signaling. We examined whether
extracellular ATP impacts the stability of JAZ1 in Arabidopsis. The results showed that the JAZ1 stability decreased in response to
ATP addition in a proteasome-dependent manner. This reduction required intracellular signaling via second messengers—cytosolic
calcium, reactive oxygen species, and nitric oxide. Interestingly, the ATP-induced JAZ1 degradation was attenuated in the
JA receptor mutant, coil, but not in the JA biosynthesis mutant, aos, or upon addition of JA biosynthesis inhibitors.
Immunoprecipitation analysis demonstrated that ATP increases the interaction between COI1 and JAZ1, suggesting direct cross
talk between extracellular ATP and JA in intracellular signaling events. Taken together, these results suggest that extracellular

ATP signaling directly impacts the JA signaling pathway to maximize plant defense responses.

Defense responses are initiated after the detection of a
life-threatening event through the recognition of exog-
enous signals from various environmental changes and
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endogenous signals from damaged cells as danger
signals. Endogenous danger signals are referred to
as “damage-associated molecular patterns” (DAMPs).
Many DAMPs in animals and plants are nuclear or
cytosolic proteins and nonproteinaceous molecules with
defined intracellular functions (Rubartelli and Lotze,
2007; Tanaka et al., 2014).

ATP—which typically serves as a universal intracel-
lular energy currency, a genetic building block, and the
phosphodonor substrate for various signal transduc-
tion pathways—becomes a DAMP signal after release
into the extracellular milieu upon cellular damage.
The role of extracellular ATP as a signal was first
reported in the 1970s in plants and animals (Burnstock,
1972; Jaffe, 1973). Extracellular ATP is recognized at the
cell surface by purinoceptors, evoking immune respon-
ses and damage healing. In animals, the two types of
purinoceptors, ligand-gated channel P2X and G-protein
coupled receptor P2Y, recognize extracellular ATP to
activate intracellular signaling cascades, which have
been well studied to develop therapeutic agents to dam-
pen pathological inflammation and to control stress re-
sponses (Khakh and Burnstock, 2009). In plants, early
studies identified the essential extracellular roles for ATP
in plant growth, development, and stress responses
(Foresi et al., 2007; Tanaka et al., 2010a; Sueldo et al., 2010;
Chivasa and Slabas, 2012; Clark et al., 2014). The ATP-
insensitive mutant, does not respond to nucleotidel (dorn1),
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was recently identified. The dornl locus encodes the
first plant purinoceptor, referred to as P2K1 (K is
for kinase), which, unlike the purinoceptors in animal
systems, is a lectin-receptor Ser/Thr kinase (Choi et al.,
2014). Detailed analysis of the ATP-induced transcrip-
tome in the Arabidopsis roots suggested that P2K1-
mediated ATP signaling is involved in a range of plant
defense responses (Cao et al., 2014). However, the
downstream signaling pathway, after the reception of
extracellular ATP through the P2K1 receptor, remains
unknown.

A dozen studies showed that extracellular ATP sig-
naling is associated with second messengers—cytosolic
calcium (Ca”), reactive oxygen species (ROS), and
nitric oxide (NO; Demidchik et al., 2003; Jeter et al.,
2004; Song et al., 2006; Foresi et al., 2007; Wu and Wu,
2008; Reichler et al., 2009; Tanaka et al., 2010b; Tonén
et al, 2010; Clark et al., 2011; Sun et al., 2012; Lim et al.,
2014). Some of them are suggested to be mediated
by cellular components in the plasma membrane, in-
cluding Ca®" channels, heterotrimeric G Proteins, and
NADPH oxidase (Song et al., 2006; Demidchik et al.,
2009; Weerasinghe et al., 2009; Tanaka et al., 2010b; Hao
et al., 2012, Wang et al.,, 2014). Recent studies also
showed that phosphatidic acid formation and extra-
cellular alkalinization are provoked during extracellu-
lar ATP signaling (Sueldo et al.,, 2010, Moroz et al.,
2017). These signal transductions play essential roles in
extracellular ATP-induced physiological responses in-
cluding plant defense.

Plant defense is mediated through the coordinated
activity of several stress hormones, generally through
jasmonates (JAs), salicylates (SAs), and ethylene. The
mode of action of these stress hormones has been well
studied in plant biotic stress responses. JAs are pri-
marily induced during necrotrophic pathogen attacks
and chewing insect herbivores (Reymond and Farmer,
1998). The induced JAs activate specific intracellular
signaling and eventually induce a set of defense-related
genes against pathogens and chewing insects. Jasmo-
nate ZIM-domain (JAZ) proteins, key negative regula-
tors of JA signaling, block the activity of JA-specific
master transcription factors, e.g. MYC2 (Chini et al.,
2007). Once the JA receptor, coronatine-insensitivel
(COI), binds to JA, JAZ proteins are degraded through
an ubiquitination system (Thines et al., 2007); this permits
transcription factors to activate downstream target genes
in JA signaling.

Wounding and mechanical pressure, which elevate
endogenous JA levels (Creelman et al., 1992, Koo and
Howe, 2009; Chehab et al., 2012), also trigger the release
of ATP (Weerasinghe et al., 2009; Jeter et al., 2004; Dark
et al., 2011), which likely provokes a defense response
against pathogens (Tanaka et al., 2014). It was reported
that ATP application induces the expression of JA and
ethylene biosynthesis genes (Jeter et al., 2004; Song
et al., 2006). Moreover, ATP treatment of wounded
tissue mimics a JA-dependent defense response, result-
ing in the secretion of extrafloral nectar in the lima bean
(Phaseolus lunatus) to attract predators (Heil et al., 2012).
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Notably, approximately 60% of ATP-induced genes
were also up-regulated through wounding (Choi et al.,
2014), indicating that extracellular ATP induces the
up-regulation of an array of genes involved in damage-
related responses. Taken together, these results sug-
gested that the release of ATP after cellular damage
induces plant defense responses, some of which are
activated via other stress hormones.

We hypothesized that ATP induces plant defenses
via other stress hormone-mediated responses, e.g. JA.
In this study, we investigated the role for ATP in plant
defense responses mediated through JA signaling.
ATP treatment enhanced resistance against infection by
the necrotrophic fungus, Botrytis cinerea, which causes
major pre- and postharvest diseases in numerous ag-
ronomic and horticultural crops, inflicting hundreds of
millions of dollars in lost revenue. This resistance re-
quired the functional P2K1 receptor. A search of the
public database revealed a set of genes induced through
both ATP and JA, reflecting the observed ATP-induced
pathogen resistance. We also show that ATP plays a
role in the JA-induced defense response through the
direct activation of JA signaling via second messengers,
Ca*", ROS, and NO. These data indicate that extracel-
lular ATP enhances plant defense against pathogens
through the direct activation of JA signaling.

RESULTS
A Set of ATP Up-Regulated Genes Are Induced by JA

Detailed analysis of previous microarray data sug-
gested that a number of extracellular ATP-induced
genes are involved in plant responses to a variety of
stresses, including defense-related genes (Cao et al.,
2014; Supplemental Fig. S1). Hierarchical clustering
analysis of ATP-induced genes (Choi et al., 2014) with
methyl jasmonic acid (MeJA)-responsive genes (Kilian
et al.,, 2007) showed that approximately 30% of ATP-
induced genes respond to MeJA, suggesting that ex-
tracellular ATP activates a portion of the JA-responsive
pathway (Fig. 1A). Among these genes (Supplemental
Table S1), we selected RBOHD, ERF13, and ZAT10 as
representative JA-responsive genes (Goda et al., 2008;
Schweizer et al., 2013) and tested those responses upon
ATP treatment in wild type, dorn1-3, oxP2K1, JA receptor
mutant (coil), and ethylene signaling mutant (ein2). The
results showed that induction of JA-responsive genes by
ATP required a functional JA-COIl-signaling pathway
(Fig. 1B). In addition, transcriptome coexpression anal-
ysis using ATTED-II (Obayashi et al., 2011) indicated
that the P2K1-associated coexpression network includes
several defense-related genes, including JAZ genes (Fig.
1C). Based on these results, we hypothesized that ATP
modulates the JA-dependent signaling pathway and
more specifically with JAZ proteins to induce defense
responses.

We also performed another hierarchical clustering
analysis of ATP-induced genes in comparison to ethylene-
and SA-inducible genes in addition to JA-inducible genes
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Figure 1. ATPand JA induce a common set of genes. A, Hierarchical clustering of ATP up-regulated genes (log”-fold change > 0.58;
Choi et al., 2014) in comparison to the profile of gene expression after MeJA treatment (log®~fold change > 1.0; Kilian et al., 2007).
Note that the heatmap shows that approximately 30% of ATP up-regulated genes are induced by MeJA. Heatmap colors represent
relative gene expression as indicated in the color bar of Log>-fold change. B, Gene expression of genes coregulated by ATPand JA in
wild-type, dorn1-3, oxP2K1, coil, and ein2 mutant seedlings. The seedlings were treated with 100 uM ATP for 30 min followed by
real-time PCR analysis. Histograms show means with st as Log? values relative to those of untreated controls. C, Transcriptome
coexpression analysis for P2K1 (At5g60300) were performed using ATTED-II. Note that the P2K1-associated network shows a sig-
nificant coexpression relationship with JAZ proteins that are involved in JA signaling. FC, fold change; Mock, untreated controls.
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(Supplemental Fig. S2). The result suggested that a
number of ATP-induced genes was up-regulated by SA
and ethylene, in addition to JA, although some were
down-regulated and vice versa. Interestingly, for exam-
ple, SA-inducible genes (e.g. WRKY46, SARD1, and
PAD4) were included as ATP up-regulated genes. The
results demonstrate a potential role for extracellular ATP
in mediating the plant responses not only via the JA
pathway but also via the SA pathway. Collectively, the
data suggest a central role for extracellular ATP in me-
diating the plant defense responses via typical stress
hormones; i.e. JA, SA, and ethylene.

Extracellular ATP Confers Resistance to a Necrotrophic
Fungus, B. cinerea

To examine whether extracellular ATP induces plant
defense against biotic stresses, we used B. cinerea as
this necrotrophic fungus has a broad host range and
is a well-studied pathogen that induces jasmonate-
dependent defense responses (Thomma et al., 1998).
The leaves from 4-week-old Arabidopsis (Arabidopsis
thaliana) plants of wild-type, dorn1-3, and OxP2K1
were pretreated with ATP and/or MeJA through
needle-free syringe infiltration, and subsequently chal-
lenged with the pathogen (see “Materials and Methods”).
Necrotic lesions were visible at 2 d after inoculation.
The lesion diameters and spore numbers were mea-
sured to determine the extent of infection. Leaves
treated with ATP showed reduced pathogen infection
compared with mock treatment in wild-type and
OxP2K1 plants, whereas this ATP-induced resistance
was not observed in dornl-3 mutant plants (Fig. 2A).
The level of infection in OxP2K1 plants was markedly
reduced compared with that in wild type. These data
suggested that ATP-induced defense against B. cinerea
is mediated through P2K1. Most notably, a coapplica-
tion of MeJA and ATP further enhanced the observed
resistance compared with the single application of ei-
ther ATP or JA (Fig. 2, A-D). Taken together, these
results suggested that ATP synergistically induces
plant defense with JA. Interestingly, JA induced re-
sistance in dorn1-3 mutant plants in the same manner
as that in wild-type plants, suggesting that the
JA-induced defense response is not dependent on ATP
signaling.

Extracellular ATP Reduces JAZ1 Protein Stability through
the SCF°"'-Proteasome Pathway

The results described above prompted us to examine
whether extracellular ATP signaling via P2K1 influences
JA signaling. JAZ proteins play a key role in jasmonate
signaling, acting as signaling repressors, and these pro-
teins are degraded through the SCF““"-proteasome
pathway when JA signaling is activated (Chini et al.,
2007; Thines et al., 2007). Therefore, we measured
the stability of JAZ proteins to evaluate the effect of
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extracellular ATP on JA signaling. To monitor the pro-
tein stability of JAZ proteins, we used Arabidopsis
plants expressing JAZ1 translationally fused to the GUS
reporter (355::JAZ1-GUS; Thines et al., 2007). First, we
tested the effect of various concentrations of ATP on the
stability of the JAZ1 protein. ATP significantly reduced
JAZ1 stability from 100 uM of ATP (Supplemental Fig.
S3). The reduction was saturated after 500 uM of ATP
(Supplemental Fig. S3). The results were comparable to
those in the previous reports, i.e. the dose-dependent
kinetics of ATP-induced calcium response and ATP-
induced reduction of PR gene expressions (Chivasa
et al., 2009; Tanaka et al., 2010b). We decided to use
500 uM of ATP for further studies as it induced maxi-
mum response in reducing the stability of the JAZ1
protein. The application of ATP reduced the stability of
JAZ1, which was attenuated by pretreatment with
MGI132, a 26S proteasome inhibitor (Fig. 3, A and B;
Supplemental Fig. S4). This result suggests that the ob-
served negative effects of extracellular ATP on B. cinerea
pathogenesis could be explained by ATP-induced JA
signaling. Consistent with the result in Figure 2, coap-
plication of MeJA and ATP further induced JAZ1 protein
degradation in comparison with addition of ATP or JA
alone (Supplemental Fig. S5).

To further understand how ATP influences JA sig-
naling, we evaluated the protein interaction between
COI1 and JAZ1 using coimmunoprecipitation in wild-
type, dorn1-3, and OxP2K1 protoplasts. Because JAZ1 is
degraded upon protein interaction, MG132 was used to
prevent proteasomal degradation during the experiment.
COIl-myc and JAZ1-HA were transiently cotransformed
into protoplasts. The interaction between COI1 and JAZ1
was enhanced by ATP addition in wild-type and OxP2K1
plants, but not in dorn1-3 (Fig. 3, C and D; Supplemental
Fig. S6). Interestingly, the COI1-JAZ1 interaction was
further enhanced when ATP was added with JA in wild
type and OxP2K1, whereas there was no significant
increase observed in dorn1-3 lines (Fig. 3D). In addition,
we found similar results of enhanced interaction of
COI1 and JAZ1 in our bimolecular fluorescence com-
plementation (BiFC) assays (Supplemental Fig. S7). The
results suggest that ATP-JA synergism is mediated by
the COI1-JAZ interactions, which require the functional
P2K1 receptor.

Extracellular ATP Signaling Directly Activates JA
Signaling, But Not via JA Biosynthesis

To confirm the ATP-mediated activation of JA sig-
naling, we examined whether the stability of JAZ1
protein changes after ATP treatment in the JA receptor
mutant, coil-1 (Xie at al., 1998). ATP did not reduce
the stability of the JAZ1 protein in the coil-1 mutant,
indicating that the active JA receptor COI1 is required
for the ATP-dependent JAZ1 degradation (Fig. 4A;
Supplemental Fig. S8). In addition, ATP-induced de-
fense against B. cinerea was not observed in coil-1 mu-
tant plants (Fig. 4D). These results suggested that COI1

Plant Physiol. Vol. 176, 2018


http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01477/DC1

>

Lesion diameters (mm)
© =2 N W A O N @ ©

WT dorn1-3 OxP2K1
ATP -+ -+ - 4+ - + - + - *+
MeJA = = 4+ = = o+ o = = 4 4

N
o

-
o
L]

Fold difference in spore count
-
w
o

L]

ATP -
MeJA = = + + - - + 4 - - + +

5.0
4.0 a e
3.0 c &

20

Fold change (log2)
BcPG/AtSAND

1.0

ATP - + = + = + - + - + - +
MeJA - - + + = = + + - - + +

Figure 2. Extracellular ATP-induced resistance against the necrotrophic
fungus B. cinerea. Wild-type, dorn1-3, and OxP2KT plants were infil-
trated with ATP (500 uM) and/or MeJA (10 uM) followed by inoculation
with B. cinerea (5 X 10° spores/mL). Different letters denote statistically
significant differences based on analysis performed using the mixed
model and Tukey honest test (P < 0.05). A, Pictures show infected
leaves of wild type, dorn1-3, and OxP2KT at 2-d postinoculation. Graph
shows the lesion diameters induced by B. cinerea infection. Data are
shown as means = sp of three biological replicates (n = 10 leaves per
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is required for ATP-induced destabilization of JAZ1
protein and ATP-induced defense against B. cinerea.

The destabilization of the JAZ1 protein by ATP
treatment could be explained through the induction of
JA biosynthesis. To test this hypothesis, we treated
JAZ1-GUS seedlings with Ibuprofen or SHAM—lipox-
ygenase inhibitors that block a rate-limiting step of
early JA biosynthesis (Creelman and Mullet, 1997;
Nojiri et al., 1996)—or DIECA, which oxidizes the
precursor pool leading to allene oxide (Farmer et al.,
1994). Subsequently, we evaluated the changes in JAZ1
protein stability in response to ATP. The results showed
that none of the inhibitors disrupted ATP-induced
JAZ1 destabilization (Fig. 4B; Supplemental Fig. S9).
We also used a knockout mutant, aos, defective in allene
oxide synthase (AOS), which converts 13-hydro-
peroxylinolenate to allene oxide in JA biosynthesis
(Park et al., 2002). A stable transgenic line of 355:JAZ1-
GUS in the aos mutant was subjected to ATP treatment.
The results showed that application of ATP reduced
JAZ1 protein stability, even in the aos mutant (Fig. 4, C
and E). Similar results were obtained in transient ex-
pression of JAZ1-GFP in protoplasts of the aos mutant
(Supplemental Fig. S10). Consistent with those results,
ATP still induced resistance against a necrotrophic
fungus, B. cinerea in the aos mutant (Fig. 4D). Those
results were corroborated by JA measurement data, in
which ATP did not elevate basal JA levels in seedlings
(Supplemental Fig. 511).

Extracellular ATP-Activated JA Signaling via Ca**, ROS,
and NO

Extracellular ATP signaling is mediated by second
messengers, Ca*", ROS, and NO (Tanaka et al., 2010a).
To test whether the ATP-mediated activation of JA
signaling requires these second messengers, we evalu-
ated the protein stability of JAZ1 upon ATP addition in
the presence of the following inhibitors: the NO scav-
enger, cPTIO; the RBOH inhibitor, DPI; and the Ca**
channel blockers Gd*" and La®". The JAZI1 protein
stability was measured by GUS biochemical assay
using seedlings expressing 355:JAZ1-GUS. All inhi-
bitors used attenuated ATP-induced JAZ1 degradation,
but not degradation induced by JA (Fig. 5). The re-
sults suggest that Ca?*, ROS, and NO are important
secondary signals mediating the ATP-activated JA

signaling.

treatment). B, Graph shows the fold change in the numbers of in planta-
formed spores of B. cinerea 3-d postinoculation. Data are shown as
means = sp of three biological replicates (n =15 leaves per treatment).
C, Quantification of B. cinerea by real-time PCR was performed with
DNA extracted from infected leaves of wild type (WT), dorni-3, and
OxP2K1. The data show expression values of B. cinerea gene BcPG
relative to Arabidopsis reference gene AtSAND as means = sp of three
biological replicates (n = 6 leaves per treatment).
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Figure 3. Effectof extracellular ATP on the stability of the JAZ1 protein. A, Seedlings expressing 355::JAZ1-GUS were treated with
ATP (500 uM) for 30 min in the presence or absence of pretreatment of MG132 (10 uM), a proteasome inhibitor. Top panel shows
the data with means * sp (n = 6) of fluorescence-based GUS biochemical assay to measure the JAZ1 protein level upon ATP
addition. Different letters denote statistically significant differences based on analysis performed using the mixed model and
Tukey honest test (P < 0.05). Lower panel shows GUS histochemical assay in roots. B, The protoplasts expressing JAZ1-HA were
treated with 500 uM of ATP for 30 min in the presence or absence of 10 uM of MG132. Western blot (WB) was performed using
anti-HA antibody as shown as JAZ1-HA. Rubisco large subunit (LSU) detected by Ponceau S staining represents as a loading
control. Numbers below the blot show the expression of proteins relative to mock (i.e. non-ATP-treatment). C, Coimmunopre-
cipitation shows the interaction between COI1 and JAZ1 in wild type (WT), dorn1-3, and OxP2K1. The protoplasts coexpressing
COI1-Myc and JAZ1-HA proteins were treated with ATP (500 uM) and/or MeJA (10 uM) for 30 min. To prevent proteasomal
degradation upon COI1-JAZ1 interaction, protoplasts were preincubated with 10 uM of MG132 for 30 min. Immunoprecipitation
(IP) was performed with anti-HA antibodies and western blots (WB) were probed with anti-Myc or anti-HA antibodies. Numbers
below the blot show the expression of proteins relative to mock (i.e. non-ATP-treatment). D, Graph shows quantitative results of
all three replications of coimmunoprecipitation (Fig. 3C; Supplemental Fig. S6). Data are shown as means = sp of three biological
replicates. Each graph from left to right shows the data in WT, dorn1-3, or OxP2K1. Different letters denote statistically significant

differences based on analysis performed using the mixed model and Tukey honest test (P < 0.05).

DISCUSSION

Plants experience multiple environmental factors in na-
ture, where more than two signals are employed to acti-
vate defense responses (Ramegowda and Senthil-Kumar,
2015). Plant defense response is a coordination of activities
among stress-related hormones and other signaling
molecules (Thomma et al., 1998, Glazebrook, 2005; Duran-
Flores and Heil, 2016). Extracellular ATP is a DAMP signal,
and a key missing element in many stress responses pre-
viously identified as an effect of the stress stimulus, as ATP
is released in response to many stresses (summarized in
Tanaka et al.,, 2014). The results of this study highlighted
how extracellular ATP serves as a danger signal in plant
defense systems that interact with the signaling pathways
of other stress hormones, e.g. JA signaling.
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Several studies suggested a role for extracellular
ATP in plant defense responses. For example, ATP
induces the expression of JA and ethylene-induced
genes (Jeter et al., 2004; Song et al., 2006) and mimics
JA-dependent responses, i.e. secretion of extrafloral
nectar to attract predators (Heil et al., 2012). In addi-
tion, the elevation of extracellular ATP levels through
the suppression of extracellular ATP-hydrolyzing en-
zymes, ecto-apyrases, also induces the expression of
genes involved in a number of immune responses (Lim
et al., 2014). In contrast, when purified caterpillar ap-
yrase was applied at the wound site, glandular tri-
chome production as an antiherbivore reaction and the
expression of JA- and ethylene-induced, defense-related
genes was suppressed (Wu et al.,, 2012). Moreover, a
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Figure 4. ATP-induced activation of JA signaling requires the JA receptor function, but not JA biosynthesis. A, The coil-T mutant
expressing 35S::JAZ1-GUS was treated with ATP (500 uM) for 30 min in the presence or absence of pretreatment of Ibuprofen
(20 uM) or MG132 (10 uM). Graph shows the result of fluorescence-based GUS assay to measure the stability of the JAZ1 protein
upon ATP addition. Data are shown with the means = sp (n = 6). Different letters denote statistically significant differences based
on analysis performed using the mixed model and Tukey honest test (P < 0.05). B, Wild-type seedlings expressing 355::JAZ1-GUS
were treated with ATP (500 uM) for 30 min in the presence or absence of Ibuprofen (20 uM), a JA biosynthesis inhibitor. Graph
shows the result of fluorescence-based GUS assay to measure the JAZ1 stability in 30 min after ATPaddition. Data are shown with
the means = sp (n = 6). Different letters denote statistically significant differences based on analysis performed using the mixed
model and Tukey honest test (P < 0.05). Pictures represent the result of GUS histochemical assay in roots. C, Wild-type and aos
mutant seedlings expressing 355::JAZ1-GUS were treated with ATP (500 uM) for 30 min. Graph shows the result of fluorescence-
based GUS assay to measure the JAZ1 stability in 30 min after ATPaddition. Data are shown with the means = sp (n= 6). Different
letters denote statistically significant differences based on analysis performed using the mixed model and Tukey honest test (P <
0.05). D, Pictures show the infected leaves of the coil-1 and aos mutants by B. cinerea (2 d after inoculation). Plants were
infiltrated with ATP (500 uM) followed by inoculation of B. cinerea (5 X 10° spores/mL). Graph shows the fold change in number
of in planta-formed spores of B. cinerea at 3-d postinoculation. Data are means = sp (n = 15) of three biological replicates.
Different letters denote statistically significant differences based on analysis performed using the mixed model and Tukey
honest test (P < 0.05). E, Western blot showing the expression of JAZ1-HA in protoplasts of coi7 and aos mutant plants upon ATP
treatment for 30 min. Western blot (WB) was performed using anti-HA antibody as shown as JAZ1-HA. Rubisco large subunit
(LSU) detected by Ponceau S staining represents a loading control. Numbers below the blot show the expression of proteins
relative to mock (i.e. non-ATP-treatment).

reduced transcriptional response and an elevated re-
sponse to both ATP treatment and wounding were
observed in the dornl mutant and the P2K1 over-
expression line, respectively (Choi et al., 2014). No-
tably, Balagué et al. (2017), using two knockout
mutants and an overexpression line of P2K1, dem-
onstrated that P2K1 is required for resistance to
a bacteria pathogen Pseudomonas syringae through
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JA signaling. In the light of these reports mentioned
above, extracellular ATP can be proposed to act as a
central signal in many plant defense responses (Cao
et al., 2014). In this study, the results support the
function of extracellular ATP in plant defense re-
sponses as ATP addition induces resistance against
B. cinerea, which required intact P2K1, the receptor
for extracellular ATP (Fig. 2). Detailed analysis of
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0.05).

the ATP-induced transcriptome indicates that ex-
tracellular ATP signaling via P2K1 is involved in plant
responses to a variety of stresses (Cao et al, 2014;
Supplemental Fig. S1). Moreover, in silico studies sug-
gested that extracellular ATP-induced genes are induced
through MeJA, and the P2K1 receptor is highly coex-
pressed with genes encoding JAZ family proteins, which
is a key repressor on JA signaling (Fig. 1). These results
suggest that the release of ATP after cellular damage via
pathogen infection activates downstream signaling, e.g.
via JA signaling, which eventually activates plant de-
fense systems.

Our data suggest that extracellular ATP acts on JA
signaling through the direct enhancement of the COI1-
JAZ1 interaction followed by JAZ1 protein degradation
(Fig. 3; Supplemental Fig. 56), without the requirement
for enhanced JA biosynthesis (Fig. 4). Recent studies
suggested that JAZ proteins are pivotal interfaces to
mediate synergism and antagonism between JA and
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other plant hormones, and that JA signaling can be
modulated directly in the absence of effects on JA bio-
synthesis (Song et al., 2014; Huot et al., 2014). For ex-
ample, DELLA repressors, a key player in gibberellin
signaling, directly interact with JAZ proteins to regulate
JA signaling and vice versa (Hou et al., 2010; Yang et al.,
2012). This cross talk has been implicated in the an-
tagonistic regulation of growth and immunity based on
growth-defense tradeoffs in plants. In addition, a recent
study shows that the HopX1 effector from Pseudomonas
syringae pv. tabaci 11528 targets JAZ proteins to mod-
ulate host defense responses (Gimenez-Ibanez et al.,
2014). Therefore, based on our observations, together
with previous studies, we speculate that downstream
signaling factors, after the recognition of extracellular
ATP by the P2K1 receptor, interact directly with (or
modify) JAZ proteins to promote the formation of
the CO1-JAZs complex, which coordinates ATP-JA
synergism.
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Interestingly, our data suggest that these molecular
Components are exclusively regulated by second mes-
sengers Ca**, ROS, and NO (Fig. 5). Prev1ous studles
demonstrated that the second messengers Ca**, ROS,
and NO were all interconnected during extracellular
ATP signaling (Foresi et al., 2007; Song et al., 2006;
Tanaka et al., 2010b; Sueldo et al.,, 2010). Notably,
Casalongué et al. (2015) pointed out that extracellular
ATP and NO are coplayers during the wound resp-
onse, and ATP-induced NO likely plays a key role for
S-nitrosylation of proteins. Indeed, Terrile et al. (2012)
reported that NO impacts on S-nitrosylation of TIR1
auxin receptor, which enhances TIR1-Aux/IAA inter-
action to facilitate Aux/IAA degradation for activation
of auxin signaling. Given the mechanistical similarities
between TIR1 and COI1, ATP-induced NO likely in-
fluences COI1-JAZ1 interaction through yet-unidentified
mod1f1cat10r1 of the COIl protein. Alternatively, ATP-
induced Ca”" may directly stimulate JA signaling. This
speculation i is supported by the finding by Lu et al. (2016)
in which Ca** elevation through CNGC2 is required for
activation of JA signaling.

How does ATP enhance the COI1-JAZ1 interaction
and induce JAZ protein degradation without exoge-
nous JA addition? A similar observation was reported
by Zhou et al. (2015), in which protein degradation of
JAZs was promoted by RIN4 or AHALI in transient
coexpression assays in tobacco without addition of
COR or JA-Ile. It is conceivable that this event is me-
diated by endogenous JA, given that there is a certain
level of JAs, e.g. approximately 20 pmol/g of JA and
approximately 3.5 pmol/g of JA-Ile, without any stimuli
(Supplemental Fig. S11). Inositol polyphosphates are
reported as a cofactor for COIl receptor function and
crucial for enhancing COI1-JAZ interactions (Laha
et al., 2015; Mosblech et al., 2011; Sheard et al., 2010).
A previous report suggested that ATP induces the
formation of phosphatidic acid via phospholipase C
(Sueldo et al., 2010). Given that the phospholipase
C-mediated pathway produces multiple inositol poly-
phosphates, it is tempting to speculate that extracellular
ATP signaling regulates COI1 function by changing a
cofactor level, and thereby contributes to enhancement
of the COI1-JAZ1 interaction. It is not entirely incon-
ceivable that local concentration of JA-Ile can be
changed without bulk changes in cellular JA-Ile content
if the uptake of JA-Ile into the nucleus is preferentially
enhanced by the recently identified transporter
AtJAT1/AtABCG16 (Li et al., 2017). Whether extracel-
lular ATP can stimulate the activity of AtJAT1/AtABCG16
remains to be determined.

Liu et al. (2016) demonstrated a noncanonical path-
way at the early stage of ETI in which the activation of
JA signaling is mediated through direct degradation of
JAZs by SA receptors, NPR3 and NPR4, in a COI1-
independent manner. As it was attenuated in a sid2
mutant, SA is a necessary signal for the activation of JA
signaling in this noncanonical pathway. The authors
speculated that SA-mediated JAZ1 degradation, i.e.
SA-mediated activation of JA signaling, during ETI
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provides the resistance against necrotrophs during de-
fense response to biotrophs. It is possible that extracel-
lular ATP may activate JA signaling via this noncanonical
pathway. However, ATP does not accumulate SA at an
early time point (Supplemental Fig. S11), and ATP re-
duces endogenous SA level at a late time point (Chivasa
et al., 2009). Furthermore, ATP is still able to induce
JA-inducible genes in the sid2 mutant (Supplemental
Fig. 512), which disagreed with the fact that the non-
canonical pathway requires intact SID2. Finally, ATP-
mediated JAZ1 degradation is COI1-dependent (Fig. 4).
Therefore, ATP-induced resistance against a necro-
trophic pathogen is not likely mediated through the
noncanonical pathway, although ATP induced some
SA-responsive genes (Supplemental Fig. S2). Extracel-
lular ATP may independently enhance JA and SA
signaling.

We conclude that extracellular ATP signaling in-
duces plant defense responses, which in part reflects the
direct enhancement of COI1-JAZ1 complex formation
in JA signaling (Fig. 3) without inducing JA biosyn-
thesis. This signaling cross talk proceeds downstream
of extracellular ATP recognition by the P2K1 receptor.
Considering the synergistic relationship between ATP
and JA in plant pathogen resistance (Fig. 2), and that JA
biosynthesis is not required for stimulation of JA sig-
naling by ATP addition (Fig. 4), this ATP-activated JA
signaling likely expedites plant defense responses
against pathogen attacks. Because JA still induced re-
sistance in the P2K1 receptor mutant, dornl (Fig. 2),
damage-induced JAs can cause defense responses in-
dependent of ATP signaling. This notion supports the
idea that ATP-activated JA signaling is an early event
for the synergistic enhancement of JA-mediated plant
responses. The event requires signaling via the second
messenger trio, Ca”*, ROS, and NO (Fig. 5). Several
questions still need to be addressed for a better under-
standing of the interaction between extracellular ATP
and JA. For example, what is the key factor for ATP-
induced COI1-JAZ1 complex formation? Further stud-
ies concerning how COI1 or JAZ proteins are modified
upon ATP treatment might provide some insight into
the cross-talk mechanism between extracellular ATP
signaling and JA signaling.

It is worth discussing how extracellular ATP is in-
volved in SA signaling because our data showed that
ATP induced expression of some SA-inducible genes.
Given that ATP treatment does not change SA content at
an early time point (Supplemental Fig. S11), and also re-
duces SA levels at a late time point (Chivasa et al., 2009), it
is possible that ATP directly enhances SA signaling in a
similar manner to that seen in ATP-mediated enhance-
ment of JA signaling as described above. It is conceiv-
able that ATP-induces dynamic and transient changes in
the intracellular concentration of the second messengers
directly impacting SA signaling. For example, Ca* mediated
signaling evokes the expression of pathogen-related
genes, some of which are regulated by SA signaling
(Yuan et al., 2017). It was proposed by Casalongué et al.
(2015) that, during wounding, ATP-mediated
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NO might be involved in thioredoxin-mediated S-nitro-
sylation modifications of NPR1 (a key transcriptional
regulator of the SA signaling pathway). The modifica-
tion induces the redox-based conformation changes of
the protein to regulate defense responses (Tada et al.,
2008). Collectively, these experimental results further
support a possible mechanism of direct enhancement of
SA signaling by ATP-induced second messengers.
However, future studies focused on exploring the role
for extracellular ATP on SA signaling will provide a
better understanding.

MATERIALS AND METHODS
Chemicals

For the stock solution, ATP (Sigma-Aldrich) was dissolved in water at a
concentration of 50 mM, and the pH was adjusted to 5.7 with NaOH. The
proteasome inhibitor, MG132 (Enzo Life Sciences) was dissolved in DMSO and
used at a final concentration of 10 uM. MeJA (Bedoukian Research) was dis-
solved in ethanol and used at a final concentration of 10 uM. JA biosynthesis
inhibitors, SHAM (Alfa Aesar), Ibuprofen, and DIECA (Sigma-Aldrich) were
dissolved in DMSO and used at a final concentration of 20 uM. All stock so-
lutions were stored at —20°C until further use. The final concentration of the
solvent under assay conditions did not exceed 0.1% (v/v). Calcium channel
blockers, Lanthanum™ chloride heptahydrate (Sigma-Aldrich), Gadolinium™
chloride hexahydrate (Sigma-Aldrich), NADPH oxidase inhibitor, Diphenyle-
neiodonium chloride (Sigma-Aldrich), and nitric oxide inhibitor, Carboxy-
PTIO (Enzo Life Sciences) were used at a final concentration of 500 uM.

Plant Materials

All Arabidopsis (Arabidopsis thaliana) lines had a Col-0 background. The
OxP2K1 (355::P2K1) and JAZ1-GUS (355::JAZ1-GUS) lines and the dorn1-3, aos,
coil-1 mutants have been previously described (Choi et al., 2014; Park et al.,
2002; Thines et al., 2007; Xie et al., 1998). Sterilized Arabidopsis seeds were first
sown onto half-strength Murashige & Skoog (MS) medium containing 2.2 g/L
of MS salt with vitamins (Caisson Labs), 1% (w/v) of Suc, 1% (w/v) of agar, and
0.05% (w/v) of MES (pH 5.7). After incubation at 4°C for 3 d, the seedlings were
germinated and vertically grown in a growth chamber (Conviron) at 22°C
under a 16-h light/8-h dark cycle (100 umol m 2 s~" light intensity). Ten-day-
old seedlings were used for most of the experiments. For pathogen assays, 10-d-
old seedlings were transferred to soil (Sunshine mix) and further grown for 4 to
5 weeks in a growth chamber at 22°C with 70% humidity under an 8 h light/
16 h dark light cycle (150 umol m™* s light intensity). JAZI-GUS in the aos
mutant background was made by crossing, and homozygous plants were se-
lected by sterile phenotype (which is rescued by JA treatment on the flower) and
histochemical GUS staining of seedlings.

B-Glucuronidase Reporter Assays

GUS (B-glucuronidase) reporter assays were performed according to the
method of Jefferson et al. (1987) with certain modification. The GUS biochem-
ical assay was performed using 10-d-old seedlings. After chemical treatments,
the seedlings were ground, and the protein was extracted in extraction buffer,
including 50 mm of sodium P buffer (pH 7.2), 0.5 mm of EDTA, 0.2% (v/v) of
Triton X-100, 5% (w/v) of Sarcosyl, and 5 mm of 2-mercaptoethanol. Ten-microgram
aliquots of the protein lysates were incubated with 4-methylumbelliferyl-3-p-
glucuronide substrate and relative light units were recorded using a plate
reader (EnSpire; PerkinElmer) after incubating at 37°C for 2 h. GUS histo-
chemical assay was performed on the 7- to 10 d-old seedlings. After ATP
treatment for 30 min, the seedlings were immersed in 90% (v/v) acetone and
incubated in a vacuum for at least 5 min. Acetone was replaced with the
staining buffer, including 50 mm sodium P (pH 7.0), 1 mm 5-bromo-4-chloro-3-
indolyl-b-p-glucuronide, 10 mm EDTA, 1% (w/v) Triton X-100, 0.5 mm potas-
sium ferricyanide, and 0.5 mm potassium ferrocyanide, and the seedlings were
incubated for 6 h at 37°C. The histochemically stained seedlings were subse-
quently cleared using a series of ethanol washes (20%, 35%, and 50% [v/v]) for
30 min each. The seedlings were stored in 70% (v/v) ethanol. The stained tissue
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was observed under a stereoscope (Carl Zeiss) after several washes with 50%,
25%, and 10% (v/v) ethanol and a final wash with water.

Transient Gene Expression in Protoplasts
and Immunoprecipitation

Transient expression in leaf mesophyll protoplasts was performed according
to Yoo et al. (2007). Briefly, 5 X 10° protoplasts were cotransformed with 50 ug
of pUC18 harboring the 355::COI1-Myc cassette and 50 ug of pUC18 harboring
the 355::JAZ1-HA cassette. Protoplasts were resuspended in W1 solution (4 mm
MES, pH 5.7, 0.5 M mannitol, and 20 mm KCl) and incubated at room temper-
ature in the dark for 16 h to 20 h. After ATP or JA treatments, the protoplasts
were harvested and lysed with lysis buffer (50 mm Tris-HCI, pH 7.8, 100 mm
NaCl, 10% [w/v] glycerol, and 0.1% [w/v] Tween 20) in the presence of pro-
tease inhibitor cocktail (Thermo Fisher Scientific). Immunoprecipitation was
performed with anti-HA or anti-Myc antibodies (Proteintech). Approximately
1 ug of the antibodies was added to 10 uL of protein A beads (Thermo Fisher
Scientific) for 1 h at 4°C, and subsequently, the antibody-protein A beads
complex was cross linked after incubation with 5 mm of disuccinimidyl suberate
(DSS) for 30 min at room temperature as described by the manufacturer
(Thermo Fisher Scientific). After removing the residual DSS, 50 ug of protein
lysate was mixed with the antibody complex. The protein complex was washed
three times with 10 mm of Tris buffer (pH 8.0) and immunoprecipitated proteins
were eluted in 50 uL of double-strength sample buffer (0.2 m Tris-Cl, pH 8.0,
10% [w/v] SDS, 10 mm DTT, and 20% [w/v] glycerol).

Western Blotting

Proteins were separated by 12% (w/v) SDA-PAGE, and electrophoretically
transferred to PVDF membranes (Bio-Rad). Transblots were blocked and then
incubated with primary antibody, anti-HA, or anti-myc antibodies (Proteintech)
at 1:5000 dilution. Immunoreactive bands were visualized using ECL substrate
(Bio-Rad) with HRP-conjugated secondary antibodies (Proteintech) at 1:10,000
dilution. Ponceau S (Advansta) staining was used as the loading control. The
band intensity was measured by the software Image] (National Institutes of
Health) and densitometric data were normalized by the loading control values.
The relative intensity compared to the mock control is shown in the figures.

Fluorescence Measurement

Transient expression of the 355::JAZ1-GFP cassette was performed in the
protoplast of wild-type and a0os mutant plants as described earlier. Protoplasts
were resuspended in W5 solution (2 mm MES, pH 5.7, 154 mm NaCl, 125 mm
CaCl,, 20 mm KCl) and incubated at room temperature for 16 h to 20 h. An equal
number of protoplasts were distributed for each treatment. Fluorescence was
measured using a plate reader (EnSpire; PerkinElmer). For BiFC assays, COI1
and JAZ1 were cloned into pUC-pSPYNE and pUC-pSPYCE expression vectors
(Walter et al.,, 2004) to fuse with split-YFP, N-terminal part (YFPn), and
C-terminal part (YFPc), respectively. Transient coexpression of COI1-YFPn and
JAZ1-YFPc was performed in an equal number of protoplasts of WT, dorn1-3,
and OxP2K1. After 16-h incubation in light, fluorescence from reconstitute YFP
was measured using the plate reader described above.

Botrytis cinerea Infection Assay

Four-week-old plants were infiltrated with water (mock), ATP (500 uM), or
MeJA (10 uM). After 24 h, the leaves were placed in plastic petri dishes con-
taining 1% (w/v) phytoagar. Approximately 5 X 10° spores of grape (B. cinerea)
were suspended in 1 mL of potato dextrose broth, and 5 uL of spore suspension
was spotted onto the leaves as described by van Wees et al. (2013). Each petri
dish contained 10 to 15 leaves of each genotype. Plates were sealed to prevent
the desiccation of the inoculation droplets. The plates were maintained at 22°C.
The lesion diameters were recorded at 2-d postinoculation using a digital
caliper. After incubation with B. cinerea spore suspension for 3 d, leaves were
washed to extract spores and the numbers of planta-formed spores were
counted from the infected leaves using a hemocytometer under a light
microscope (Leica Microsystems) as described by van Wees et al. (2013). For
additional quantification, the amount of the pathogen-specific gene, endopo-
lygalacturonase (BcPG) in the infected leaves, was measured through real-time
PCR (Kasza et al., 2004) using CFX96 (Bio-Rad). Arabidopsis SAND gene
(At2g28390) was used as a reference gene for normalization of BcPG gene.
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Quantification of JAs and SA

Measurement of JA and JA-lle and SA using ultra performance liquid
chromatography-electrospray ionization-tandem mass spectrometry was per-
formed as described in Koo et al. (2009), Smith et al. (2014), and Poudel etal. (2016).
Dihydro-JA, [13C6]]A—Ile, and deuterated SA were used as internal standards.

Statistical Analysis

Allexperiments were independently performed atleast three times with similar
results. Results are shown as means * sp. Statistically significant differences be-
tween the possible combinations of genotype and treatment was analyzed by the
Student’s t test and / or by the software SAS (v. 9.0; SAS Institute) using the mixed
model and Tukey honest significant difference test (P < 0.05).

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. List of JA up-regulated genes (Kilian et al., 2007)
in an ATP up-regulated gene pool (Choi et al., 2014).

Supplemental Figure S1. Gene-ontology term enrichment analysis of ATP
up-regulated genes.

Supplemental Figure S2. ATP-responsive genes are regulated by other
stress hormones.

Supplemental Figure S3. ATP-induced dose-dependent response in reduc-
ing the JAZ1 protein stability.

Supplemental Figure S4. Western blot showing the JAZ-HA protein level
(a repeated trial for Fig. 3B).

Supplemental Figure S5. Stability of the JAZ1 protein was reduced by
ATP and JA additions.

Supplemental Figure S6. Replicated experiments of coimmunoprecipita-
tion for the COI1-JAZ1 interaction.

Supplemental Figure S7. BiFC assay to show the interaction between COI1
and JAZ1 upon ATP and/or JA treatment.

Supplemental Figure S8. Western blot showing the JAZ-HA protein level
(a repeated trial for Fig. 4E).

Supplemental Figure S9. JA biosynthesis inhibitors did not attenuate ATP-
induced reduction of the JAZ1 protein stability.

Supplemental Figure S10. JA biosynthesis mutant did not attenuate ATP-
induced reduction of the JAZ1 protein stability.

Supplemental Figure S11. ATP does not induce JAs and SA in the Arabi-
dopsis seedlings.

Supplemental Figure S12. Gene expression of ATP/JA coregulated genes
in wild-type and sid2 mutant seedlings.
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