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SUMMARY

Extracellular ATP (eATP) is known to act as a danger signal in both plants and animals. In plants, eATP is
recognized by the plasma membrane (PM)-localized receptor P2K1 (LecRK-1.9). Among the first measurable
responses to eATP addition is a rapid rise in cytoplasmic free calcium levels ([Ca2+]cyt), which requires P2K1.
However, the specific transporter/channel proteins that mediate this rise in [Ca2+]cvt are unknown. Through
a forward genetic screen, we identified an Arabidopsis ethylmethanesulfonate (EMS) mutant impaired in
the [Ca2+]cyt response to eATP. Positional cloning revealed that the mutation resided in the cngcé gene,
which encodes cyclic nucleotide-gated ion channel 6 (CNGC6). Mutation of the CNGC6 gene led to a notable
decrease in the PM inward Ca?" current in response to eATP. eATP-induced mitogen-activated protein
kinase activation and gene expression were also significantly lower in ¢cngc6 mutant plants. In addition,
cngc6 mutant plants were also more susceptible to the bacterial pathogen Pseudomonas syringae. Taken
together, our results indicate that CNGC6 plays a crucial role in mediating eATP-induced [Ca2+]cyt signaling,
as well as plant immunity.

Keywords: extracellular ATP, cyclic nucleotide-gated ion channel 6, CNGC6, cytosolic calcium, plant

immunity.

INTRODUCTION

ATP is well known as the energy molecule driving essential
biochemical reactions within living organisms. Inside the
cell, the ATP concentration is kept at a high level (in the
mm range) while the extracellular concentration is signifi-
cantly lower (in the nm—um range) (Gout et al., 1992; Yegut-
kin etal, 2006). However, at this concentration,
extracellular ATP (eATP) acts as a potent extracellular sig-
nal, as has been demonstrated in both plants and animals
(Cekic and Linden, 2016; Cho et al., 2017; Khakh and Burn-
stock, 2009; Tanaka et al., 2014). ATP can be released to
the extracellular matrix through wounding (Song et al.,
2006), exocytosis (Kim et al., 2006), or active transport,
where it is subsequently recognized by specific plasma
membrane (PM)-localized receptors (Burnstock, 2006a).
The eATP signaling (i.e., purinergic signaling) pathway
in animals is well studied with extensive medical implica-
tions. For example, the mammalian P2X7 receptor is the
most extensively studied from an immunological perspec-
tive and is involved in both innate and adaptive immune

responses (Savio et al., 2018). eATP participates in a broad
range of animal physiological functions among; for exam-
ple, it serves as a danger signal during pathogen infection
or wounding (Rhett et al., 2014; van der Vliet and Bove,
2011). As such, eATP is considered a damage-associated
molecular pattern (DAMP). Animals perceive eATP through
two groups of receptors: ligand-gated ion channels (P2Xs)
and G-coupled protein receptors (P2Ys) (Burnstock, 2006b).
One of the earliest cellular changes upon binding of eATP
to these receptors is the elevation of the cytosolic free cal-
cium concentration ([Ca*'ley.), followed by an increase in
the levels of reactive oxygen species (ROS) and nitric oxide
(NO) (Dichmann et al., 2000; Silva et al., 2006).

Relative to the rich research literature on eATP function
in animals, very little is known about the functional roles
of eATP in plants. However, similar to animals, a number
of papers have implicated eATP in a variety of plant physi-
ological processes, including the response to pathogen
infection (Pham et al., 2020), the response to wounding
(Choi et al., 2014), thigmotropism (Weerasinghe et al.,
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2009), pollen growth (Wu et al., 2018), and root hair devel-
opment (Clark and Roux, 2018), among others (Cho et al.,
2017; Tanaka et al., 2010a). In addition, eATP is involved in
root gravitropism through polar auxin transport (Tang
et al.,, 2003) and modulates root skewing as well (Yang
et al., 2015). As is the case in animals, eATP functions as a
DAMP in plants with similar initial cellular responses; for
example, eATP addition leads to a rapid change in [Ca2+]Cyt
(Cho et al., 2017; Clark et al., 2010; Demidchik et al., 2009;
Kim et al., 2006; Song et al., 2006; Tanaka et al., 2010b), as
well as an elevation of ROS levels (Chen et al., 2017). How-
ever, unlike animals, plants appear to lack canonical P2X
or P2Y receptors. In 2014, through a forward genetic
screening approach, the first plant eATP receptor was iso-
lated and identified as a PMe-localized L-type lectin
receptor-like kinase (LecRK-1.9), which was originally ter-
med DORN1 but subsequently renamed P2K1 to align the
plant nomenclature with that of animal purinoreceptors
(Choi et al., 2014).

The identification of P2K1 has led to a significant
increase in our knowledge of the molecular events sur-
rounding plant purinergic signaling. For example, Chen
et al. (2017) showed that eATP induces stomatal immunity
against Pseudomonas syringae through P2K1-mediated
activation of the NADPH oxidase RBOHD. Protein acyltrans-
ferases such as PAT5 and PAT9 were found to be phospho-
rylated by P2K1, which in turn mediated the eATP
response by S-acylation of P2K1 (Chen et al., 2021). In
addition, several studies indicated crosstalk between eATP
and jasmonate (JA) signaling for plant defense responses
(Balague et al., 2017; Jewell et al., 2019; Tripathi et al.,
2018). eATP enhances the interaction between the JA
receptor coronatine-insensitive 1 (COI1) and a key suppres-
sor of JA signaling, ZIM-domain 1 (JAZ1), and elevates
plant defense against pathogens (Tripathi et al., 2018).
P2K1 is required for pathogen resistance through the regu-
lation of JA signaling components (Balague et al., 2017).
eATP-induced defense-related gene expression mediated
by P2K1 requires CAMTA3 and the MYC transcription fac-
tor (Jewell et al., 2019). Animals possess multiple P2X and
P2Y receptors, consistent with the broad role of purinergic
signaling. Hence, it was notable that a second plant eATP
receptor, P2K2, was recently discovered (Pham et al.,
2020). P2K2 is strongly expressed under stress conditions,
interacts directly with P2K1, and is also involved in plant
defense to invading pathogens.

Calcium (Ca®") plays an important role as a secondary
messenger with increased [Ca]. levels induced by vari-
ous biotic and abiotic stresses (Dodd et al., 2010; Kudla
et al., 2010). For example, a key feature of DAMP-
mediated responses is the transient opening of PM cal-
cium channels, admitting an inward flux of calcium from
the extracellular space (Choi et al., 2014; Pham et al.,
2020). For calcium to function as an intracellular signal,

stimulus-specific changes in cytoplasmic levels need to be
precisely regulated (McAinsh and Pittman, 2009). Calcium
ion influx into plant cells is mainly accomplished by non-
selective calcium channels, depolarization-activated cal-
cium channels, and hyperpolarization-activated calcium
channels (HACCs) (Demidchik et al., 2018; Lemtiri-Chlieh
et al., 2020; Very and Sentenac, 2002; White and Broadley,
2003). For example, patch-clamp electrophysiology analy-
sis detected the activity of HACCs in response to eATP in
plants (Demidchik et al., 2009; Wang et al., 2014, 2018; Wu
and Wu, 2008). The family of annexins, glutamate
receptor-like (GLR) channels, and cyclic-nucleotide-gated
channels (CNGCs), which were previously predicted or
shown to have HACC activity, have been suggested as
potential candidates mediating [Ca*'l.,; changes in
response to eATP (Matthus et al., 2020; Wang et al., 2019).
For example, ANNEXIN1 underpins the hydroxyl radical-
activated HACC in mature epidermis and root hairs
(Laohavisit et al., 2012). This annexin was subsequently
suggested to play a role in eATP-induced Ca®" elevation
(Mohammad-Sidik et al., 2021). However, since loss of
ANNEXIN1 did not completely abolish the [Ca2+]cyt
response to eATP, other calcium channels are likely
required. Two GLRs, GLR3.3 and GLR3.6, were shown to
mediate [Ca2+]cyt increases triggered by wounding (Vin-
cent et al., 2017). In addition, patch-clamp analyses impli-
cated several Arabidopsis CNGCs, such as CNGC2,
CNGC4, CNGC5, and CNGCS, in HACC conductances (Gao
et al.,, 2012; Tian et al., 2019; Wang et al., 2013). Most
recently, CNGC2 and CNGC4 were reported to be involved
in eATP-regulated pollen germination, pollen tube growth,
and ion flux (Wu et al., 2021).

In order to identify genes involved in plant purinergic
signaling and, specifically, in the [Ca®l,,; response to
eATP, we conducted a forward genetic screen in which
aequorin luminescence was used to measure the plant cel-
lular response. Among the mutants identified in this screen
was one in which the CNGC6 gene was mutated, resulting
in a significant reduction in the normal elevation of
[Ca®"],,: seen upon eATP addition. Intriguingly, CNGC6 has
been previously shown to form a conductive CaZ"-
permeable channel in the root cell PM, as well as when
heterologously expressed in HEK293T cells (Gao et al.,
2012; Tan et al., 2020). In the current study, patch-clamp
analyses showed that cngc6 mutant plants were defective
in the PM inward Ca?" current in response to eATP. These
mutant plants were also found to be defective in the activa-
tion of mitogen-activated protein kinase (MAPK) and gene
transcription normally associated with a response to eATP.
As is the case for p2k1 mutant plants, cngc6 mutant plants
were also significantly more susceptible to bacterial patho-
gen infection. These data implicate CNGC6 as a key cal-
cium channel protein involved in the early events of plant
purinergic signaling.
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RESULTS

367 mutant plants are impaired in the [Caz*]cyt response to
extracellular nucleotides

We generated an ethylmethanesulfonate (EMS)-
mutagenized Arabidopsis thaliana library and carried out a
similar screen to that reported previously by Choi et al.
(2014) to identify mutants defective in the cellular calcium
response to added eATP. Following the strategy in Fig-
ure S1, we screened approximately 30 000 My generation
plants, which led to the identification of mutant 367 show-
ing a significant reduction in [Ca?'].; elevation upon eATP
elicitation (Figure 1a). To see whether 367 mutant plants
showed a specific response to purine nucleotides, we
tested the calcium response of 367 mutant plants to a vari-
ety of nucleotides. 367 mutant plants showed defects in
the [Ca”']o,« response to various nucleotides, such as CTP,
GTP, ITP, and UTP, compared with wild-type plants (Fig-
ure 1b). In contrast, the [Caz*]Cyt response of the 367
mutant plants to different abiotic and biotic elicitors was
similar to those of wild-type plants, except for chitin (Fig-
ure 1c,d). The latter may be due to the fact that chitin is
known to cause the release of eATP (Kim et al., 2006). In
addition, the 367 mutant plants exhibited a slighty lighter
color and a weak-lobed leaf shape in comparison with
wild-type (Col-0) plants at the 4-week-old stage (Figure S4).

To assess whether the lack of a [Ca2+]cyt response to
nucleotides in 367 mutant plants is controlled by a single
gene, we crossed Ms generation mutant plants with wild-
type Col-0 and observed the segregation in F, progeny.
The lack of a [Ca*]., response to ATP was found in 25%
of the progeny (12 mutants:43 wild-type plants, x> = 0.69,
d.f. =1, Pyos = 3.84), indicating a 3:1 ratio of a recessive
gene, following Mendelian single gene inheritance.

The phenotype of the 367 mutant is due to disruption in
the gene encoding CNGC6

In order to identify the gene responsible for the 367 mutant
phenotype, we performed map-based cloning and whole-
genome sequencing (WGS). We were able to map the 367
mutation to a 3.6-Mbp interval on chromosome 2 (Fig-
ure 2a; Table S1). Subsequent WGS found four genes with
point mutations within this region (Figure 2a; Table S2).
To confirm which mutation was responsible for the 367
mutant phenotype, we cloned each of these four genes
individually and tested their ability to complement the 367
mutant phenotype. These experiments showed that only
wild-type CNGC6 driven by the CNGC6 native promoter
rescued the ATP-induced [Ca®'l,,; influx response in 367
mutant plants (Figure 2¢,d; Figure S3). The mutation of the
CNGC6 gene in the 367 mutant results in an early stop
codon caused by a single nucleotide substitution
(TGG —» TGA, W661stop) within the highly conserved
domain known to be critical for CNGC channel function

(Figure 2a,b). Subsequently, we obtained the cngc6 T-DNA
mutant, cngc6-1, which was also found to be defective in
the eATP-induced [Ca2+]cyt response (Figure S2a). The F,
progeny obtained from the cross between cngc6-1 and 367
mutant plants were also defective in the ATP-induced
[Ca2+]cyt response, which indicates allelism (Figure S2c).
Overall, these results indicate that the phenotype of the
367 mutant plants is the result of a mutation in
CNGC6. Therefore, we denote the 367 mutation as cngc6-
3, following the published allele (Gao et al., 2012; Wang
et al., 2013).

eATP-induced current activation does not occur
in cngc6 mutant plants

CNGC6 was previously reported as a PM-localized Ca*'-
permeable channel responsible for plant responses to heat
shock and root hair growth (Brost et al., 2019; Gao et al.,
2012; Tan et al., 2020). Heterologous expression of CNGC6
in HEK293T cells confirmed its ability to conduct Ca®" (Tan
et al., 2020). To elucidate whether CNGC6 is required for
eATP-induced activation of PM channel-mediated CaZ*
influx, we performed patch-clamp electrophysiology on
root epidermal protoplasts. The whole-cell mode of patch
clamping was used to measure the net current generated
as ions are conducted through PM channels at different
transmembrane voltages. The results were reported as the
overall current/voltage (//V) relationship. In wild-type cells,
the addition of 300 um eATP induced an inward current that
was significantly greater than under control conditions
(Figure 3a). The mean reversal voltage of the whole-cell
current shifted from —-54.4 £7.5 mV (-ATP, n=4) to
—-39.8 + 4.4 mV (+ATP, n = 4), approximately a 15-mV pos-
itive shift consistent with increased Ca®" influx and far
from the equilibrium potential for K" (=79 mV). However,
as the shift was towards the equilibrium potential for CI™
(—28 mV), a further test was undertaken. Addition of Gd**
as a blocker of PM-localized Ca?* channels significantly
inhibited the eATP-induced current (Figure 3a). Gd*" is
ineffective against the root epidermal PM eATP-induced
anion conductance (Wang et al., 2019), further supporting
the Ca?" permeability of the conductance reported here.
This eATP-induced inward current therefore appears com-
petent to increase [Ca’'l., at resting membrane voltage
(inside negative). In contrast, cngc6-3 mutant plants failed
to respond to 300 um eATP (Figure 3b). This result sug-
gests that CNGC6 functions as a CaZ*-permeable channel
in response to eATP.

ATP-induced MAPK activation and gene expression are
defective in cngc6 mutant plants

Previous studies reported that eATP triggers the activation
of MAPKs and a transcriptional response, which are fully
dependent on a functional P2K1 (Chen et al., 2017; Choi
et al., 2014). Given that CNGC6 participates in eATP
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Figure 1. 367 mutant plants show defects in the calcium response to extracellular ATP (eATP) and various nucleotides.

(a) The 367 mutant is impaired in eATP-induced calcium response.

(b) The calcium response to different nucleotides was defective in the 367 mutant.
(c) Abiotic stresses-induced calcium responses in the 367 mutant are comparable to those of wild type (Col-0) (ice-cold water, 300 mm NaCl, 4% b-glucose, and

300 mm mannitol).

(d) The calcium response to chitin is slightly lower in 367 mutant plants (100 nm fig22, 100 nm Pep1, and 100 ug ml~" chitin). The bar graph indicates the inte-
grated calcium concentration in response to ATP addition for 300 sec. Data are presented as mean + standard error (SE), n = 8in (a, b), n =6 in (c, d). Asterisks
indicate a significant difference between wild-type (Col-0) and 367 mutant plants (P < 0.05, analysis of variance). Experiments were repeated at least three times

with similar results.

signaling (Figure 1), we examined these phenotypes in
cngc6-3 mutant plants. The addition of eATP resulted in a
significant reduction in the phosphorylation of MPK3/6 in
cngc6-3 mutant plants as measured 5 and 15 min after
eATP addition, while strong activation of MPK3/6 was seen
in wild-type plants (Figure 4a). The phosphorylation of
MPK3/6 in cngc6-3 mutant plants was similar to that seen
using p2k1-3 mutant plants (Figure 4a).

Previously, it was shown that eATP addition strongly
induced expression of zinc-finger transcription factor
ZAT10, bHLH transcription factor MYC2, and calcium-
dependent protein kinase 28 (CPK28) genes (Choi et al.,
2014). Consistent with this report, we also found that these
genes were strongly upregulated in wild-type plants
30 min after ATP addition, whereas their expression was
only slightly enhanced in c¢ngc6-3 mutant plants

(Figure 4b,c). Therefore, in addition to showing defects in
the early [CaZ*]Cyt response to eATP addition, cngc6-3
mutant plants are also defective in the later responses of
MAPK activation and gene transcription (Figure 4).

CNGCE6 plays a role in plant immunity

Previous studies reported that both P2K7 and P2K2 are
positive regulators of plant immunity against the bacterial
pathogen P. syringae (Chen et al., 2017; Pham et al., 2020).
Previous reports also implicated both CNGC2 and CNGC4
in pathogen defense (Chin et al., 2013; Tian et al., 2019),
while both CNGC11 and CNGC12 are positive regulators of
resistance gene-mediated pathogen responses (Yoshioka
et al., 2006). In order to test the role of CNGC6 in plant
immunity, we examined plant susceptibility to P. syringae
upon flood inoculation. Arabidopsis salicylic acid
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Figure 2. Mutation in CNGC6 is responsible for the 367 phenotype.

(a) Cartoon showing the genomic structure of CNGC6. The open triangle indicates the position of the mutation in mutant cngc6-3 (TGG — TGA; W661*). The
asterisk indicates a stop codon.

(b) CNGC6"%" is conserved in the CNGC protein family. Sequence alignment of 20 CNGCs was performed in Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/). The conserved residue CNGC6"®®" is marked in red. Asterisks indicate fully conserved residues. Colons indicate highly conserved residues. Dots indi-
cate low conserved residues.

(c, d) [Ca”]m elevation in response to 100 um ATP for 300 sec in cngc6-3 mutant plants complemented by pCNGC6:CNGC6 expression (COM). (c) The kinetics of
[Caz*]cyt in WT, ¢cngc6-3, and two COM lines. Each line graph represents an average of four seedlings of each genotype. (d) The bar graph shows the integrated
calcium concentration. Data are shown as mean + standard error (SE) (n = 4). Asterisks indicate a significant difference between wild-type (Col-0) and 367
mutant plants (P < 0.05, analysis of variance). Experiments were repeated at least three times with similar results.

induction-deficient 2 (sid2) mutant plants were used as the DISCUSSION
susceptible control (Wildermuth et al., 2001). The degree
of bacterial colonization was initially estimated by biolumi-
nescence and subsequently quantified by plate counting.
As shown in Figure 5, both cngc6-3 and sid2 mutant plants

were considerably more susceptible to the pathogen than

As is the case in animals, previous studies had clearly
shown that an increase in [Ca*]. levels was among the
first measurable cellular responses to eATP addition (Choi
et al., 2014). In animal systems, eATP triggers the [Ca2+]cyt
increase through the action of either P2X-gated ion chan-

wild-type plants (Figure 5). In contrast, the CNGC6 comple-
mented line showed a similar level of infection to that of
wild-type plants (Figure 5). These results suggest that
CNGC6 is a critical component required for the plant
pathogen defense.

nels or P2Y G-coupled protein receptors (Burnstock,
2006a). Binding of ATP to P2X receptors induces a channel
conformation change, allowing Ca®" influx into cells (Cod-
dou et al., 2011). In contrast, P2Y receptor activation of G-
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Figure 3. cngc6-3 failed to support K™ and Ca?" currents in the root epidermal cell plasma membrane in response to exogenous ATP.

(a) Left panel: Whole-cell current/voltage (//V) relationships of wild type (Col-0) in control conditions (no extracellular ATP [-eATP]), after addition of 300 um
eATP (+ATP), and after further addition of 100 um Gd®" as a calcium channel blocker. eATP activation was observed 30 sec to 3 min after addition. Data are pre-
sented as mean =+ standard error (SE) of current (n = 4). Inset panel: Mean current traces for ~ATP (black) and +ATP (red). Right panel: Comparison of the inward
currents at —190 mV (solid bars) and the outward currents at +50 mV (open bars) before and after eATP addition and in the presence of Gd®". *P < 0.05;

**P < 0.01; n.s, not significant (Student’s t-test).

(b) As (a) but for the cngc6-3 mutant (n = 5-6). cngc6-3 failed to respond to eATP even with an extended observation period of 10 min.

protein signaling networks triggers Ca®* release from the
endoplasmic reticulum raising [Ca®'],: (Berridge, 2009). In
contrast, little is known about the molecular events respon-
sible for eATP-induced [Caz*]cyt elevation in plants.

The addition of eATP leads to rapid activation of PM
HACC conductances, which requires P2K1 (Wang et al.,
2018). Our discovery of the critical importance of CNGC6 to
the eATP-induced [Ca%]cw response is consistent with the
previous finding that eATP induces HACC activity (Figure 3)
and clearly implicates CNGC family members as key media-
tors of the eATP-induced [Ca2+]cyt response (Wang et al.,
2019). While p2k1-3 mutant plants show no eATP-mediated
[Ca*]oys influx (Choi et al., 2014), cngc6 mutant plants are
partially defective in this response with a monophasic
increase of about 80 sec (Figure 2c; Figure S2). In the case
of ANNEXIN1, loss of ANNEXIN1 significantly reduced the
calcium response to eATP in roots, but ann7 mutant plants
still showed a biphasic increase (Mohammad-Sidik et al.,
2021). This suggests that CNGCS is likely not solely respon-
sible for the normal eATP-mediated biphasic [Caz*]cyt influx
and other CNGCs or other channels, including ANNEXIN1,

contribute to this [Ca’'l,, elevation. Indeed, CNGCs are
known to work as heteromeric channel complexes, contain-
ing more than one CNGC family member (Zhong et al.,
2002). Given that the Arabidopsis genome encodes 20
CNGC proteins, the probability of some functional redun-
dancy is high (Maser et al., 2001). For example, it was previ-
ously reported that CNGC6, CNGC9, and CNGC14 or
CNGC5, CNGC6, and CNGC9 function redundantly as
[Ca®']eyx channels in root hair growth (Brost et al., 2019; Tan
et al., 2020). Therefore, one possibility is that other CNGCs
act together with CNGC6 in mediating the eATP-induced
[Ca®']oy: response. However, CNGC14 can be excluded from
the candidate list, based on the fact that loss of CNGC14
function did not affect the [Caz*]Cyt response to eATP (Shih
et al., 2015). The recent discovery of CNGC2 and CNGC4
involvement in eATP-promoted ion influx in the pollen (Wu
et al., 2021) is consistent with the hypothesis. However, fur-
ther studies are needed to unravel whether these CNGC
Ca®" channels work together in plant purinergic signaling.
Plants are able to detect DAMP signals by specific pat-
tern recognition receptors (e.g., P2K receptors) (Bigeard
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Figure 4. Extracellular ATP (eATP)-induced downstream responses are defective in cngc6-3 mutant plants.

(a) MPK3 and MPK6 phosphorylation in response to 200 um eATP is weaker in cngc6-3 mutant plants compared with wild-type plants. Phosphorylation of MPK3
and MPK6 was detected using an antibody against phospho-p44/p42 MAPK (top). Ponceau S staining was used as a loading control.

(b-d) Col-0 was used as a control to compare with cngc6-3. eATP-treated seedlings were collected for gqRT-PCR analysis. Expression levels of ZAT10 (b), MYC2
(c), and CPK28 (d) were normalized against the SAND reference gene. The results are relative to expression levels of mock-treated plants (set as 1). Bar graphs
are presented as mean + standard error (SE, n = 3 biological replicates). Asterisks indicate statistically significant differences between wild type (Col-0) and

cngc6-3 at the same time points (*P < 0.05, Student’s t-test).

et al., 2015; Choi et al., 2014). Moreover, recognition of
DAMP signals also activates immune responses (Yam-
aguchi and Huffaker, 2011). eATP, which is defined as a
DAMP, has been shown to regulate the plant response to
pathogens (Chivasa et al., 2009; Demidchik et al., 2009;
Jewell et al., 2019; Tanaka et al., 2014). Previously various
components of eATP signaling have been implicated in
plant immunity, including JA signaling and P2K receptors
(Balague et al., 2017; Jewell et al., 2019; Pham et al., 2020;
Tripathi et al., 2018). Pham et al. (2020) recently showed
that P2K1 and P2K2 are required for plant pathogen resis-
tance, in which activation of P2K1 leads to the transphos-
phorylation of P2K2 and the activation of defense-related
downstream signaling components. Thus, plants activate a
cascade of ATP-related intracellular events, such as
increases in [Ca2+]m, MAPK phosphorylation, and gene
expression (encoding, e.g., MYCs, CPKs, and ZATs), result-
ing in the activation of pathogen resistance (Figure 4) (Choi
et al., 2014; Pham et al., 2020). To date, several members
CNGC family members were reported to function in plant
pathogen defense including CNGC2 (Chin et al., 2013;
Clough et al., 2000), CNGC4 (Chin et al., 2013; Tian et al.,
2019), CNGC11/CNGC12 (Yoshioka et al., 2006), CNGC19
(Jogawat et al., 2020), and CNGC20 (Yu et al., 2019). How-
ever, none had previously been directly implicated in

purinergic signaling. We show here that CNGC6 is involved
in P2K innate immunity (Figures 1, 4, and 5), indicating
that CNGC6 is likely involved in eATP-dependent plant
resistance to pathogens. Taken together, it suggests that
CNGC6 acts downstream of the P2K1/P2K2 receptor com-
plex. However, given that Arabidopsis CNGCs are activated
directly by cNMPs (Ali et al., 2007; Gao et al., 2012), further
analysis is needed to determine whether P2K receptors
directly regulate CNGC6 activity or do so indirectly by
modulating other cellular processes.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Aequorin-transformed Arabidopsis (Columbia [Col-0] ecotype) and
a T-DNA insertion line of cngc6 (Salk_042207; cngc6-1) were
crossed to obtain the aequorin transgenic cngc6-1 line. T-DNA
insertion was confirmed by PCR-based genotyping (Table S1). The
EMS-induced mutant cngc6-3 was backcrossed with the Col-0
aequorin transgenic line three times (BCsF3). cngc6-1 and cngc6-3
were crossed together to obtain the F; generation for genetic anal-
ysis. These backcrossed lines were then used for phenotyping.
Arabidopsis seeds were sown onto half-strength Murashige and
Skoog (MS) medium containing 1% (w/v) sucrose, 1% (w/v) agar,
and 0.5% (w/v) MES (pH 5.7). After cold treatment for 3 days, the
plates were placed vertically in a growth chamber (16 h light/8 h
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Figure 5. CNGC®6 plays a critical role in plant resistance to Pseudomonas syringae DC3000.

Wild-type (Col-0) and sid2 mutant seedlings were used as controls to compare with cngc6-3 mutant and pCNGC6:CNGC6 complementation lines (COM). Three-
week-old plants were flood-inoculated with P. syringae DC3000 lux suspension (ODggo = 0.002) containing 0.025% (v/v) Silwet L-77.

(a) At 1 days after inoculation (DAI), bright-field photographs were taken with a normal camera while bioluminescence images were taken using a CCD camera

to detect bacterial colonization.

(b) Bacterial colonization by plate counting. Bacterial growth expressed as log(colony forming units [CFU]) was normalized against sample weight. Values are
presented as mean =+ standard error (SE, n = 3 biological replicates). Lowercase letters over bars indicate significantly different means (P < 0.05, Student’s

t-test). The experiments were repeated at least three times with similar results.

dark cycle, 22°C, 100 E cm 2 sec™' light intensity). For other
experiments, 10-day-old seedlings were grown in Sunshine soil
(Premier Tech Horticulture, Quebec, Canada) in a growth chamber
(12 h light/12 h dark cycle, 22°C, 70% humidity, and
150 E cm 2 sec" light intensity).

Calcium assays

Five- or six-day-old seedlings were individually transferred to a
96-well-plate and incubated in 50 pl reconstitution buffer contain-
ing 10 mm CaCl,, 10 um coelenterazine (CTZ; NanoLight Technol-
ogy, Pinetop, AZ, USA), and 2 mm MES (pH 5.7) overnight at room
temperature in the dark. The next day, 50 pl of 2x treatment solu-
tion was applied to each well and the luminescence produced was
monitored using an image-intensified CCD camera (Photek216;
Photek, Ltd., Lancaster, PA, USA) for 300 sec. Total aequorin
levels were estimated by adding 100 ul of discharging buffer con-
taining 2 m CaCl, and 20% (v/v) ethanol and monitored for an
additional 300 sec. The calcium concentrations were converted
from photon counting data (Knight et al., 1996). All experiments
were performed independently at least three times with similar
results. Figures show the converted histogram from each recorded
kinetics of the [Ca2+]cyt response during treatments.

Chemical reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) except if mentioned otherwise. Nucleotide stock solutions
(100 mm) in 50 mm MES buffer (pH 5.7) were prepared. FIg22 and
Pep1 (GenScript USA, Inc., Piscataway, NJ, USA) stock solutions
(1 mm) in dimethylsulfoxide were prepared and kept at —80°C

prior to use. Chitin (Sigma, St. Louis, MO, USA) solution
(100 pg ml~") was prepared fresh prior to use.

Mutagenesis and mutant screening

The original cngc6-3 mutant plant was identified by screening an
EMS-mutagenized library derived from A. thaliana expressing
aequorin (Col-0 background) as described by Choi et al. (2014).
Briefly, 5-day-old individual M, generation seedlings were trans-
ferred into a 96-well plate to monitor the response to the applica-
tion of 100 um ATP. Mutants exhibiting a lower cytoplasmic
calcium response were selected and grown to test the next gener-
ation. M3 generation seedlings were further tested with the same
procedure. In this screen, 2x discharging buffer (20% EtOH, 1 m
CaCly) was applied after ATP treatment to obtain the total light
intensity from aequorin expressed in each plant. Discharge data
were used to identify plants showing a reduced cytoplasmic cal-
cium response due to a mutation in aequorin. Lastly, the response
of the cngc6-3 mutant plants to ATP was tested by applying an
increasing concentration (10, 50, 100, 200, 500, and 1000 uwv) of
ATP. In addition, we tested the cngc6-3 mutant plants for the
specificity of their defect by applying a variety of known cytoplas-
mic calcium elicitors/treatments (e.g., 100 um of ATP, ADP, AMP,
GTP, ITP, CTP, TTP, and UTP; 100 nm of flg22 and Pep1,
100 pg ml~" chitin; ice-cold water; 5% p-glucose; 300 mm NaCl and
mannitol).

Map-based cloning

The cngc6-3 mutant plants were crossed with Landsberg erecta
plants expressing aequorin to generate the mapping population.
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The BC,F, plants exhibiting the mutant phenotype were grown
further for mapping of cngc6-3. Two true leaves from each
screened plant were harvested for genomic DNA extraction
(DNeasy Plant Mini kit; Qiagen, Hilden, Germany). A region of
chromosome 2 was identified as co-segregating with the mutant
phenotype. The region between the F26B6 and nga1126 markers
with a recombinant frequency of 0.97 was identified as co-
segregating with the mutant phenotype. The primers used are
listed in Table S3.

Whole-genome sequencing

The mutant cngc6-3 was backcrossed three times with wild-type
Col-0, and homozygous lines (BCsF3) all exhibiting the mutant
phenotype were used for WGS. Homozygous lines showing a
wild-type phenotype from the same backcross line BCsF; were
also prepared as an internal reference for sequencing. Single
leaves from 29 and 44 individual mutant and wild-type 14-day-old
seedlings, respectively, were pooled and genomic DNA was
extracted using the DNeasy plant mini kit (Qiagen). WGS was car-
ried out by the DNA Core Facility of the University of Missouri
(https://dnacore.missouri.edu) to detect single base mutations. A
total of 2.4 ug of genomic DNA was prepared for 350 bp insert
size TruSeq library construction. Sequencing was done on a Next-
Seq 500 system (lllumina, San Diego, CA, USA) (100x cover-
age). Reads were aligned back to the TAIR10 version of the
Arabidopsis genome using Bowtie version 2 (Langmead and Salz-
berg, 2012). Sam and output-pileup files were generated using
Samtools version 0.1.7 (Li et al., 2009). The output-pileup files
were converted to NGM emap files using the Next-generation
EMS mutation mapping web tool (http://142.150.215.220/ngm/),
which were then analyzed for single nucleotide polymorphisms as
previously described (Burnstock, 1972).

Plasmid construction and plant transformation

CNGC6 genomic DNA including the 1.5-kb upstream sequence
was amplified with primers attB1 and attB2. The PCR product was
then inserted into the pDONR-Zeo vector through BP reaction and
then into the pGWB1 vector through LR reaction. The pGWB1-
CNGC6 construct was then introduced by electroporation into
Agrobacterium tumefaciens strain GV3101, which was sub-
sequently transformed into cngc6-3 mutant plants using the floral
dip method (Zhang et al., 2006). Transgenic plants were selected
on MS medium with 20 mg L~" hygromycin. T, generation plants
were used for these experiments. The primers used are listed in
Table S4.

Patch-clamp electrophysiology assay

Root tips (2-3 mm) were excised from 7- to 13-day-old Col-0 and
cngc6-3 plants. Tips were incubated in the dark at room tempera-
ture in 1% (w/v) cellulysin (Calbiochem, San Diego, CA, USA), 1%
(w/v) cellulase RS (Yakult Honsha, Tokyo, Japan), 0.1% (w/v) pec-
tolyase Y-23 (Yakult Honsha), 0.1% (w/v) bovine serum albumin,
10 mm CaCly, 10 mm KCI, 2 mm MgCly, 2 mm MES, and 165 mm b-
sorbitol (pH 5.6) with Tris. After filtering at 40 um, protoplasts were
washed twice with holding buffer (0.2 mm CaCl,, 0.1 mm KCI, and
10 mm MES-Tris [pH 5.6] brought to 280 mosmol L' with b-
sorbitol) at 4. Protoplasts were suspended in holding buffer and
stored on ice in the dark. After using the N9093 epidermal-specific
green fluorescent protein reporter line to establish the isolation
protocol (Wang et al., 2019), protoplast origin was confirmed by
direct observation of the genotypes listed above for testing. The
apparatus was as described by Demidchik et al. (2002). After a

gigaohm seal was formed in the cell-attached configuration, the
whole-cell configuration was achieved by gentle suction and
whole-cell currents were recorded after at least 12 min. A ramp pro-
tocol from +50 to —190 mV (—200 uV sec™") with a holding poten-
tial at —35 mV (corrected for liquid junction potential) was used.
Bath solution contained 50 mm CaCl,, 1 mm KCI, and 10 mm MES-
Tris (pH 5.6). The pipette solution contained 5 mm BaCly, 20 mm
KCl, and 10 mm HEPES-Tris (pH 7.5). The osmolarity of bath and
pipette solutions was adjusted to 280 and 290 mosmol L™, respec-
tively, with p-sorbitol. lonic strength was determined using the cal-
culator integrated in the ‘Calcium.exe’ program (Fohr et al., 1993).
lon activities were calculated using GEOCHEM (Parker et al., 1994).
Equilibrium potentials were calculated using the Nernst equation.

RNA isolation and quantitative real-time PCR

Ten-day-old seedlings of Col-0, cngc6-1, or cngc6-3 were collected
and RNA was extracted using TRIzol and the Direct-zol™ RNA mini-
prep kit (Zymo Research, Irvine, CA, USA). Two micrograms of
RNA was used to synthesize cDNA using M-MLV reverse transcrip-
tase (Promega, Madison, WI, USA). These cDNAs were then used
for real-time PCR (RT-PCR). The total of 10 pl reaction buffer con-
sisted of 3 pl cDNA, 5 pl PowerUP™ SYBR Green (Applied Biosys-
tems, Waltham, MA, USA), 0.5 pl of each primer, and remaining 1
ul is added water. The reaction was run using an ABI 7500 Real-
time PCR system (Applied Biosystems). Transcript levels were nor-
malized against the expression of SAND (At2g28390) or UBQ10
(At4g05320). The primers used are listed in Table S4.

MAPK phosphorylation

Leaf disks from 2- or 3-week-old plants were incubated in 5 mm
MES buffer (pH 5.7) at room temperature overnight. After treat-
ment with 200 um ATP for 0, 5, 15, and 30 min, the samples were
homogenized, and the total protein was extracted with protein
extraction buffer (100 mm Tris-HCI [pH 7.5], 300 mm NaCl, 2 mm
EDTA [pH 8.0], 1% Triton X-100, 10% glycerol, and protease inhibi-
tor). The extracted proteins were mixed with 5x SDS loading
buffer (10% SDS, 50% glycerol, 0.01% bromophenol blue, 10%
B-mercaptoethanol, 0.3 m Tris-HCl [pH 6.0]) and boiled for
5-10 min. The total proteins were separated by 10% SDS-PAGE
and transferred to PVDF membrane. The membrane was then
blocked in 5% skim milk in TBST buffer (50 mm Tris-HCI [pH 7.4],
150 mm NaCl, 0.1% Tween-20) and incubated with rabbit anti-
phospho-p44/p42 MAPK antibody (Cell Signaling Technology,
Danvers, MA, USA), followed by washing with TBST and incuba-
tion with HRP-conjugated goat anti-rabbit IgG (Abcam,
Cambridge, UK).

Bacterial inoculation assay

The assay was modified from the P. syringae flood inoculation
method (Pham et al., 2020). Three-week-old Arabidopsis seedlings
grown in MS medium were placed into a 40-ml suspension of P.
syringae pv. tomato DC3000 Lux (ODgyo = 0.002) in sterile water
containing 10 mm MgCl, and 0.025% Silwet L-77 (v/v) for 2-3 min.
The suspension was decanted, and the plants were blotted dry
and then placed into a growth chamber. One day after inoculation,
the seedling aerial parts were collected and weighed. Bacterial
growth was visualized and analyzed under a CCD camera (Photek
216). The seedling tissue was then washed with sterilized water
and ground in 10 mm MgCl,, diluted serially, and dropped onto
King B agar plates supplemented with rifampicin and kanamycin.
The number of colonies was counted and analyzed after incuba-
tion at room temperature for 2 days.
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