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The plant stress hormone salicylic acid (SA) participates in local and systemic acquired resistance, which eventually leads to
whole-plant resistance to bacterial pathogens. However, if SA-mediated signaling is not appropriately controlled, plants incur
defense-associated fithess costs such as growth inhibition and cell death. Despite its importance, to date only a few
components counteracting the SA-primed stress responses have been identified in Arabidopsis (Arabidopsis thaliana). These
include other plant hormones such as jasmonic acid and abscisic acid, and proteins such as LESION SIMULATING DISEASE1,
a transcription coregulator. Here, we describe PLANT NATRIURETIC PEPTIDE A (PNP-A), a functional analog to vertebrate
atrial natriuretic peptides, that appears to antagonize the SA-mediated plant stress responses. While loss of PNP-A
potentiates SA-mediated signaling, exogenous application of synthetic PNP-A or overexpression of PNP-A significantly
compromises the SA-primed immune responses. Moreover, we identify a plasma membrane-localized receptor-like protein,
PNP-R2, that interacts with PNP-A and is required to initiate the PNP-A-mediated intracellular signaling. In summary, our
work identifies a peptide and its putative cognate receptor as counteracting both SA-mediated signaling and SA-primed cell
death in Arabidopsis.

INTRODUCTION that enable recognition by specific receptors, such as receptor-
like kinases (Shiu and Bleecker, 2001) and receptor-like proteins
(RLPs; Wang et al., 2008), on the surface of target cells, activating
X s e e the relay of the signal into the cell interior (Butenko et al., 2009;
ylronmental cgndltlons. Inplants, Fhls intercellular communication Matsubayashi, 2011; Murphy et al., 2012; Hirakawa etal., 2017). In
1 mqstly mediated by.secreted signals such as phytoho!’mones, general, the coupling of the peptide to the receptor results in
reactive oxygen species, small RNAs, and small peptide hor- transcriptional reprogramming, empowering the recipient cell to

mones (Van Norman et al., 2011). While genome and tran- 0 iately respond to an inbound factor. The Arabidopsis
scriptome analyses have identified more than 1000 potential genome also encodes hundreds of plasma membrane (PM)-

peptide hormones in Arabidopsis (Arabidopsis thaliana; L ease and associated receptor-like kinases and RLPs, connecting multiple

Walker, 2906; Matsubayashi, 2014), only a fgw are functionally signaling pathways to modulate physiological processes (Shiu
characterized, and even fewer have an assigned cognate re- and Bleecker, 2001; Wang et al., 2008)

ceptor. During or upon their secretion into the apoplastic space,
most peptide hormones undergo posttranslational modifications

For multicellular organisms, cell-to-cell communication is crucial
for growth, development, and survival under ever-changing en-

There is substantial signaling crosstalk between abiotic and
biotic stress responses in plants (Fuijita et al., 2006; Verma et al.,
2016). This suggests that abiotic and biotic stress-induced intra-
and inter-cellular signaling pathways are most likely intertwined
T Address correspondence to chanhongkim@sibs.ac.cn. to increase efficacy. Among various stress-related molecular
The author responsible for distribution of materials integral to the findings components, the defense hormone salicylic acid (SA) has been
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et al., 2004; Mateo et al., 2006; Lee et al., 2010; Wan et al., 2012;
Miura et al., 2013). Despite the pivotal role of SA in plant stress
responses, when it becomes constitutively active, the spatio-
temporal SA-mediated signaling generally results in growth in-
hibition and spontaneous cell death. Research on Arabidopsis
lesion-mimic mutants, which display lesions associated with in-
creased cellular SA contents and constitutive activation of SA-
mediated signaling, indicated that certain molecular components
counteract this pathway (Dietrich et al., 1994).

The SA-counteracting components include a protein called
LESION SIMULATING DISEASE1 (LSD1), a transcription cor-
egulator (Dietrich et al., 1997; Kaminaka et al., 2006). The
Arabidopsis Isd7 mutant is one of the most extensively studied
lesion-mimic mutants and develops uncontrolled cell death, re-
ferred to as runaway cell death (RCD), in response to increased
cellular SA contents (Dietrich et al., 1994; Lv et al., 2019). Extended
daylength or light intensity is suggested to cause /sd7 RCD
through the modulation of chloroplast redox status and reactive
oxygen species homeostasis (Mateo et al., 2004; Mihlenbock
et al., 2008; Lv et al., 2019). Given that Isd7 mutant plants exhibit
RCD in response to exogenous SA and bacterial pathogens,
LSD1 has been implicated as a negative regulator in the SA-
primed pro-death pathway. Indeed, LSD1 suppresses the posi-
tive feedback loop of SA synthesis mediated by ENHANCED
DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN DE-
FICIENT4 (PAD4; Rustérucci et al., 2001; Lv et al., 2019). Besides
LSD1, plant hormones, including jasmonic acid and abscisic acid
(ABA), are known to counteract SA-mediated signaling (Li et al.,
2004; Ding et al., 2016).

In this study, we unveil another SA-counteracting player,
PLANT NATRIURETIC PEPTIDE A (PNP-A), a functional analog to
vertebrate atrial natriuretic peptides (ANPs). PNP-A signals via
cyclic GMP (cGMP; Pharmawati et al., 2001; Wang et al., 2007;
Turek and Gehring, 2016; Gehring and Turek, 2017). Inanimals, the
synthesis of cGMP from GTP is catalyzed by natriuretic peptide
receptors (NPRs) that possess protein kinase (PK) and guanylyl
cyclase (GC) activities following perception of ANPs (Potter and
Hunter, 2001). Like ANPs, upon secretion to the apoplast, PNPs
undergo formation of inter-disulfide bonds and proteolytic pro-
cessing (Potter and Hunter, 2001; Turek and Gehring, 2016). Al-
though PNPs have been shown to affect a broad spectrum of
physiological responses in plants, including stomatal opening
(Maryani et al., 2003; Morse et al., 2004; Wang et al., 2007; Gottig
et al., 2008; Ficarra et al., 2018), regulation of photosynthetic
efficiency and photorespiration (Gottig et al., 2008; Ruzvidzo et al.,
2011), cellular waterandion (Ca2*, H*, K+, and Na*) homeostasis
(Pharmawati et al., 2001; Ludidi et al., 2004; Turek and Gehring,
2016), increase in protoplast volume (Wang et al., 2007; Turek and
Gehring, 2016), modulation of their own expression (Wang et al.,
2011a, 2011b), and resistance against biotic and abiotic stresses
(Ficarra et al., 2018), their mode of action remains largely unclear.

We now reveal that PNP-A, but not its close homologue PNP-B,
istranscriptionally upregulated in the /sd7 mutant priorto the onset
of RCD, which requires NONEXPRESSER OF PR GENES1 (NPR1),
a central regulator of SA-mediated signaling (Cao et al., 1997;
Zhangetal., 1999). The processed PNP-Ain the apoplastinteracts
with a previously uncharacterized PM-localized leucine-rich repeat
(LRR) RLP, herein called the putative PNP-A receptor 2 (PNP-R2).

While the lack of PNP-A or PNP-R2 potentiates the SA-primed
pro-death pathway in /sd7, exogenous application or over-
expression of PNP-A considerably compromises Isd7 RCD. Here,
we report a physiological function of the PNP-A as a negative
modulator of SA-mediated signaling in both /sd7 and wild-type
plants and identify PNP-R2 as its putative receptor.

RESULTS

PNP-A Is an NPR1-Dependent, SA-Responsive Gene

Since its discovery in 1994 (Dietrich et al., 1994), the Isd7 mutant
has been extensively utilized as a bio-tool to understand the
molecular mechanisms underlying the regulation of cell death,
especially the constraining mechanisms, because of its uncon-
trolled cell death phenotype (Jabs et al., 1996; Dietrich et al.,
1997; Kliebenstein et al., 1999). Forward and reverse genetic
approaches have unveiled that several key SA-signaling com-
ponents, such as NPR1, EDS1, and PAD4, are required to induce
the Isd71 RCD (Rustérucci et al., 2001; Aviv et al., 2002; Lv et al.,
2019). Through global transcriptome analysis, we recently iden-
tified a substantial number of genes rapidly upregulated before the
onset of the Isd7 RCD (Lv et al., 2019). These Isd7-induced genes
include a gene encoding the putative PNP-A peptide hormone, of
which the precise mode of action remains unknown in plants
(Figures 1A and 1B). In contrast to PNP-A, its closest homolog,
PNP-B, was undetectable in /sd7 or wild-type plants (Lv et al.,
2019). Because SA-mediated signaling primes the Isd7 RCD, and
PNP-A belongs to a group of SA-responsive genes (Wang et al.,
2006), we next examined whether SA and its key signaling
component NPR1 regulate the PNP-A expression. PNP-A was
induced upon SA treatment in wild-type plants, but not in npr1
(Figure 1C), indicating that SA and its bona fide receptor NPR1
positively regulate the expression of PNP-A. Alongside the no-
table attenuation of the Isd7 RCD (Lv et al., 2019), the loss of NPR1
in the Isd71 background completely abrogated PNP-A expression
(Figure 1D).

PNP-A Antagonizes SA-Primed Stress Responses

To explore the potential causal relationship between the rapid
upregulation of PNP-A and the development of the /sd7 RCD,
we generated /sd1 pnp-A double mutant plants and two in-
dependent /sd7 transgenic lines overexpressing PNP-A (oxPNP-
A; Supplemental Figures 1A and 1B). We then monitored the
relative RCD levels compared to those in the /sd7 mutant. The
loss of PNP-A aggravated the /sd7 RCD, while this became
drastically diminished by the overexpression of PNP-A (Figure 2A,;
Supplemental Figure 2). The degrees of foliar cell death and
chlorosis were evaluated by examining ion leakage and maxi-
mum photochemical efficiency of photosystem Il (Fv/Fm), re-
spectively. Both ion leakage and Fv/Fm values confirmed the
observed RCD phenotypes (Figures 2B and 2C).

Because of the oxPNP-A-mediated drastic reduction of /sd71
RCD, we anticipated that PNP-A might antagonize SA-mediated
signaling. Thus, we investigated the expression levels of SA-
responsive genes, including ISOCHORISMATE SYNTHASE1
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Figure 1. PNP-A Is Highly Upregulated in /sd1.

(A) Transcript levels of PNP-A in 17- and 19-d-old wild-type (WT) and /sd1
plants grown under CL were obtained from our previous RNA-sequencing
analysis (Lv et al., 2019).

(B) Transcript levels of PNP-A shown in (A) were confirmed by RT-qPCR.
(C) Wild-type (WT) and npr1 plants grown under CL were sprayed with
0.5 mM SA solution (+SA) or with distilled water (-SA), and leaf samples
were harvested 12 h after the treatment. The expression levels of PNP-A
were examined using RT-qPCR.

(D) Expression levels of PNP-A in wild-type (WT), Isd1, and Isd1 npr1 (I/n1)
plants grown under CL were analyzed by RT-qPCR at the indicated time
points. Forthe RT-gPCR analyses in (B), (C), and (D), ACT2 was used as an
internal standard. The data represent the means of three independent
biological replicates. Error bars indicate sp. Lowercase letters indicate
statistically significant differences between mean values (P < 0.01, one-
way ANOVA with post hoc Tukey’s honestly significant difference [HSD]
test; Supplemental Data Set).

(ICS1), EDS1, PAD4, and PATHOGENESIS RELATED1 (PR1) and
PR2, in Isd1 oxPNP-A and Isd1 plants by using RT-gPCR. Our
results revealed that PNP-A overexpression markedly repressed
the Isd7-induced, SA-mediated signaling (Figure 2D). Consistent
with the altered expression of SA biosynthetic genes, including
ICS1, reduced and increased SA levels were detected in Isd71 oxPNP-
A and Isd1 pnp-A mutant plants, respectively (Figure 2E).

Based on these results, we hypothesized that upon secretion to
the apoplast, PNP-A diffuses to adjacent cells and interacts with
its cognate receptor to activate an SA-antagonizing signaling
cascade. Even though PNP-A was previously suggested to be
a secreted peptide hormone (Wang et al., 2011b), its presence in
the apoplast remained to be confirmed. We therefore first ex-
amined the subcellular localization of transiently overexpressed
PNP-A fused to green fluorescent protein (GFP) in Nicotiana
benthamiana leaves. Besides its posttranslational modification
(i-e., intra-disulfide bond formation between Cys-42 and Cys-65)
in the apoplast, it was proposed that the PNP-A precursor (130
amino acids) is proteolytically processed to its active form (34
amino acids, Pro-36 to Tyr-69), resembling the activation process
of the vertebrate ANP (Schwartz et al., 1985; Koller and Goeddel,
1992). To avoid the cleavage of GFP, we fused the fluorescent
protein to the truncated PNP-A (tPNP-A, Met-1 to Tyr-69)
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containing both the full-length N-terminal signal peptide (SP; Met-
1 to Lys-29) and the putative active domain (Pro-36 to Tyr-69).
Confocal images show the localization of the GFP-tagged PNP-A
in the apoplast (Figure 3A). Next, the foliar apoplastic proteins
extracted from wild-type and Isd7 plants (before the onset of Isd1
RCD) were subjected to trypsin digestion, followed by tandem
mass spectrometry analysis. The result demonstrated the pres-
ence of PNP-A in the apoplastic fluid (Supplemental Figures 3A
and 3B) with a markedly higher level in Isd7 than the wild-type
plants (Figure 3B). Additionally, we identified well-known SA-
responsive apoplastic marker proteins, such as PR1 and PR2,
inthe apoplastic fluid of the /Isd7 mutant (Supplemental Figure 3C).

The antagonizing impact of PNP-A on the Isd7 RCD was further
examined via a pharmacological approach by using synthesized
active and dormant (scrambled or Cys-mutated) PNP-A peptides
(Supplemental Figure 4). While no impact of the dormant peptides
was observed, Isd7 mutant plants treated with the active form of
the PNP-A peptide exhibited a drastically reduced RCD (Figures
3C to 3E). Next, the impact of SA on plants deficient for or
overexpressing PNP-A was analyzed. Exogenous application of
a high dosage of SA is known to inhibit plant growth because of
a trade-off effect (Rivas-San Vicente and Plasencia, 2011; Kar-
asov et al., 2017); that is, the enhanced immune/stress response
limits plant growth or vice versa. Consistently, application of SA
had a negative impact on growth in wild-type plants, which was
remarkably reinforced in pnp-A mutant but less evident in PNP-
A-overexpressing plants (Figures 4A and 4B). The SA-mediated
growth inhibition was largely rescued by exogenous PNP-A
treatment in both wild-type and pnp-A mutant plants (Supplemental
Figures 5A and 5B), corroborating the antagonistic activity of PNP-A
on SA-mediated stress responses. In agreement with this, PR7 and
PR2 were expressed to higher levels in pnp-A than in wild-type plants
in response to exogenous SA treatment (Figure 4C).

The PNP-A Peptide Interacts with the PM-Localized LRR
Family Protein PNP-R2

The vertebrate PNP analogs interact with GC-coupled protein
receptors that catalyze the conversion of GTP into cGMP upon
binding of the peptide (Potter and Hunter, 2001). Consistently, an
earlier report showed that Arabidopsis PNP-A interacts with
a novel LRR protein, named PNP-R1, which contains a putative
N-terminal SP, an LRR N-terminal (LRRNT) domain, a trans-
membrane (TM) domain, two LRR domains, and a PK domain
followed by a GC catalytic center at the C terminus (Turek and
Gehring, 2016). Since the TM domain is located between the
LRRNT and the LRR domains, this prediction implies that the LRR,
PK, and GC domains face the cytosol, whereas the LRRNT domain
protrudes toward the extracellular space, or vice versa. However,
to our surprise, when the deduced amino acid sequence of the
PNP-R1 was subjected to a search for conserved domains by
using several bioinformatics tools, including TMHMM serverv. 2.0
(Krogh et al., 2001), Phobius program (Kall et al., 2004), the Na-
tional Center for Biotechnology Information’s Conserved Domain
Database (Marchler-Bauer et al., 2017), and InterPro (Finn et al.,
2017), the TM domain was not identified. Moreover, neither the PK
nor the GC catalytic domains were predicted. Given that several
plant GCs have low sequence similarity with the annotated GCs of
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Figure 2. PNP-A Acts to Repress Isd7 RCD.

(A) Twenty 2-d-old plants of the wild-type (WT), /sd1,/sd1 pnp-A, and two independent PNP-A-overexpressing Isd1 transgeniclines (lsd1 oxPNP-A #6-7 and
#16-7) grown under CL were collected to examine leaf RCD. (First row) RCD phenotype in the first or second leaves from each genotype was visualized by TB
staining. (Second row) Images of the first row are enlarged.

(B) and (C) For measurements of ion leakage (B) and Fv/Fm (C), first or second leaves from plants were harvested at the indicated time points. Ten leaves per
genotype were used for the measurement of Fv/Fm. Value in (B) represents means = sp (n = 3). DAI, days after imbibition; WT, wild type.

(D) Expression levels of genes involved in SA biosynthesis (ICS7, EDS1, and PAD4) and SA response (PR7 and PR2) were examined by RT-gPCR at the
indicated time points. ACT2 was used as aninternal standard. The datarepresent the means of three independent biological replicates. Error bars indicate sb.
WT, wild type.

(E) Endogenous free SA levels were examined in 16-d-old plants of the wild type (WT), Isd1,Isd1 pnp-A, and Isd1 oxPNP-A #6-7 grown on MS medium under
CL.Valuerepresents means = sb (n = 2). Lowercase letters in (D) and (E) indicate statistically significant differences between mean values (P < 0.05, one-way

ANOVA with post hoc Tukey’s honestly significant difference [HSD] test; Supplemental Data Set). FW, fresh weight.

other organisms (Ludidi and Gehring, 2003), the GC catalytic
center of PNP-R1 had been identified on the basis of motif
searches with conserved and functionally assigned amino acid
residues in the catalytic centers. While it was shown that PNP-R1
possesses in vitro GC activity (Turek and Gehring, 2016), to date
there is no experimental evidence for its kinase activity. Never-
theless, the exogenous application of PNP-A synthetic peptide
resulted inincreased cGMP levels in the wild-type plants, whereas
pnp-r1 mutant plants were almost completely insensitive to the
treatment (Turek and Gehring, 2016).

In the Isd71 mutant background, we could not identify this GC-
containing receptor protein as a putative PNP-A-interacting
protein using a pull-down assay with biotin-conjugated PNP-A
peptide coupled to mass spectrometry analysis (Supplemental
Table 1). Instead, we found a typical RLP predicted to contain an
SP, a TM domain, and an LRRNT domain followed by nine LRRs,
but lacking a cytosolic activation domain (e.g., kinase; Figure 5A).
Therefore, we tentatively named this RLP as the second PNP-A
receptor protein (PNP-R2, At5g12940).

A PNP-R2-YFP fusion protein was transiently expressed in N.
benthamiana leaves under the control of the cauliflower mosaic
virus 35S promoter, and its yellow fluorescent protein (YFP)
fluorescence was monitored. We found that the fluorescent signal
(red) of the FM4-64 dye colocalized with the fluorescence signal
(yellow) of PNP-R2-YFP, and both signals were retained in the PM

after plasmolysis (Figure 5B), indicating that PNP-R2 is a PM-
localized protein. Bimolecular fluorescence complementation
(BIFC), in vitro pull-down, and coimmunoprecipitation (Co-IP)
assays in N. benthamiana leaves substantiated the direct in-
teraction between PNP-A and PNP-R2 (Figures 5C to 5E). By
contrast, in our hands, anin vitro pull-down assay failed to confirm
the interaction between PNP-A and PNP-R1 (Supplemental
Figure 6).

PNP-R2 Is Required for the PNP-A-Mediated Repression of
SA Responses

To further determine that PNP-R2 participates in the PNP-A
signaling pathway, two knockout mutant alleles of PNP-R2 (pnp-
r2-1 and pnp-r2-2; Figure 6A) were crossed to /sd7 to create two
independent Isd7 pnp-r2 double mutants. The loss of PNP-R2 in
the Isd1 background revealed a probable genetic interaction
between PNP-A and PNP-R2, which was evident from the po-
tentiated foliar cell death and chlorosis as well as the significant
decrease in Fv/Fmin both /Isd7 pnp-r2-1 and/sd1 pnp-r2-2 double
mutant plants compared to /Isd7 (Figures 6B to 6E). The enhanced
RCD phenotype in Isd1 pnp-r2 plants was accompanied by the
heightened expression of PR1 and PR2 (Figure 6F). Importantly,
overexpression of a Myc-tagged PNP-R2 in Isd7 pnp-r2 plants
completely restored the/sd1 phenotype (Supplemental Figures 7A
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Figure 3. PNP-A Is Localized to the Apoplastic Space, and Exogenous
Application of the PNP-A Synthetic Peptide Significantly Compromises
Isd1 RCD.

(A) Localization of the tPNP-A (Met-1 to Tyr-69), including SP and active
region (AR), fused with GFP (PNPA-GFP) upon transient expression in N.
benthamiana leaves. FM4-64 was used to stain PM. Cell plasmolysis was
performed by treatment of 0.8 M mannitol for 30 min. An asterisk indicates
the apoplastic space formed by the shrinking protoplast, and triangles
indicate the retracted PM. Bar = 20 um.

(B) Mass spectrometry—based detection of PNP-A proteins in the apoplast.
Apoplast proteins extracted from 21-d-old wild-type (WT) and /sd7 plants
grown under CL were analyzed by mass spectrometry. The relative levels of
PNP-A were quantified using the total intensity of the detected peptides
(see Supplemental Figures 3A and 3B). The results represent the means of
two independent biological replicates. Error bars indicate se. Asterisk in-
dicates statistically significant difference from mean value of WT by Stu-
dent’sttest (P < 0.05; Supplemental Data Set). LFQ, label-free quantitation.
(C) to (E) Seventeen-day-old wild-type (WT) and /sd7 plants grown under
CL were treated with water (Mock) or 1 uM scrambled, active (PNP-A) or
Cys-mutated (MuPNP-A) form of PNP-A synthetic peptide (for details on
the synthetic peptides compared with the active PNP-A, see Supplemental
Figure 4). After 7 d of the treatment, the relative levels of foliar RCD were
determined by TB staining (C), ion leakage (D), and Fv/Fm (E) measure-
ments. The representative images are shown at the same scale. For the
measurement of Fv/Fm, 10 leaves per genotype were used. Value in (D)
represents means *+ sp (n = 3). Lowercase letters indicate statistically
significant differences between mean values (P < 0.05, one-way ANOVA
with post hoc Tukey’s honestly significant difference [HSD] test; Sup-
plemental Data Set).

to 7C). However, the Isd1 pnp-r1 double mutant showed equiv-
alent degrees of RCD and expression of PR1 and PR2 compared
to those of Isd7 (Figures 6B to 6F), indicating that PNP-R1 is not
involved in the Isd7 RCD. Besides, unlike Isd7 and Isd7 pnp-A, in
which the active PNP-A synthetic peptide attenuated the /sd7
RCD, the Isd1 pnp-r2-2 double mutant plants were insensitive to
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Figure 4. PNP-A Is Required to Counteract SA-Mediated Growth
Inhibition.

(A) and (B) Twelve-day-old plants of the wild type (WT), pnp-A, and oxPNP-
A (#6-7, in WT background) grown on MS medium under CL were trans-
ferred to fresh MS medium containing the different concentrations of SA as
indicated. The representative foliar phenotype (A) and plant size (B) of each
genotype were shown. For the measurement of plant size, 15 plants per
genotype were used. Error bars indicate sb. Lowercase letters indicate
statistically significant differences between mean values at each of the
indicated SA concentrations (P < 0.05, one-way ANOVA with post hoc
Tukey’s honestly significant difference [HSD] test; Supplemental Data Set).
(C) Fourteen-day-old plants grown under CL were sprayed with either
0.5 mM SA (+SA) or mock solution (-SA), and foliar tissues were collected
6 h after the treatment. The transcript abundances of PR7 and PR2 were
examined using RT-gPCR. Value represents means * sb (n = 3). ACT2 was
used as an internal control. Lowercase letters indicate statistically sig-
nificant differences between mean values (P < 0.05, one-way ANOVA with
post hoc Tukey’s honestly significant difference [HSD] test; Supplemental
Data Set).
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Figure 5. PNP-A Interacts with a Novel PM-Localized LRR Receptor-Like Protein.

(A) Schematic illustration of the predicted domain structure and topology of the putative PNP-A-interacting LRR receptor, namely PNP-R2. PNP-R2
contains several extracellular domains consisting of nine LRRs and an LRRNT. SP indicates an SP present at the N terminus (NT) of PNP-R2 and is
responsible for targeting the protein to the PM. TM marks the predicted TM.

(B) YFP fluorescence was observed in the PM when the YFP-tagged PNP-R2 (PNP-R2-YFP) was expressed in N. benthamiana leaves. FM4-64 was used to
stain PM. Cell plasmolysis was performed by treatment with 0.8 M mannitol for 30 min. In plasmolyzed cells, asterisks indicate the apoplastic space formed
by the shrinking protoplast, and triangles indicate the retracted PM. Bar = 20 um.

(C) Interaction of PNP-A with PNP-R2 by BiFC assay. YFP fluorescence was observed in the PM when the N-terminal part of YFP tagged with the tPNP-A-
YFPN (Met-1 to Tyr-69 including SP and active region) was coexpressed with the C-terminal part of the YFP tagged with PNP-R2 (PNP-R2-YFPC) in N.
benthamiana leaves. No fluorescent signal was observed when mutated tPNP-A-YFPN (MutPNP-A-YFPN, substituting two Cys’s with Ser, as shown in
Supplemental Figure 4) was coexpressed with the PNP-R2-YFPC as a negative control. Bar = 20 um. Results in (B) and (C) were reproduced in at least two
independent experiments using three or more N. benthamiana leaves in each experiment, and enlarged representative images are shown.

(D) In vitro pull-down assay of N-terminally biotinylated active region of PNP-A synthetic peptide (B-PNP-Azactive) with PNP-R2 fused with Myc tag (PNP-R2-
Myc) upon transient expression in N. benthamiana leaves. N-Terminally biotinylated-scrambled PNP-A peptide (B-PNP-Ascrambled) was ysed as a negative

control as it does not interact with PNP-R2.

(E) Co-IP of tPNP-A-GFP with PNP-R2-Myc upon transient coexpression in N. benthamiana leaves.

the treatment (Figures 7Ato 7C). Conversely, pnp-r2 mutant plants
exhibited an extreme sensitivity to exogenously applied SA,
similar to that of the pnp-A mutant (Figures 7D to 7F), as shown by
the drastic growth inhibition, chlorosis, and enhanced expression
of PR genes. Taken together, these results support a biological
function of the PNP-A/PNP-R2 pair in curtailing SA-mediated
stress responses.

A study examining the response of plants overexpressing
Arabidopsis PNP-A (AtPNP-A) to a bacterial pathogen showed
that PNP-A potentiates the expression of defense-related genes,
including PR1, conferring increased resistance to the infection by
Pseudomonas syringae pv tomato (Pst) DC3000 (Ficarra et al.,
2018). This is, however, inconsistent with our finding that PNP-A
negatively regulates the expression of PR genes and other SA-
responsive genes in Isd7 (Figure 2D) as well as in wild-type plants
treated with SA (Figure 4C). For this reason, we examined whether
PNP-A affects host resistance against Pst DC3000 in our ex-
perimental system. The exogenous application of the PNP-A

synthetic peptide, but not of the scrambled peptide, compromised
the resistance of wild-type plants to Pst DC3000 (Figure 8A).
Furthermore, the growth of Pst DC3000 was significantly de-
creased in the pnp-A mutant, while elevated in oxPNP-A com-
pared with wild-type plants (Figure 8B), providing further evidence
that PNP-A negatively regulates plant defense responses. Bac-
terial growth was affected by exogenous PNP-A treatment in the
pnp-r1 mutant, but not in the pnp-r2-2 mutant (Figure 8C). Hence,
our results strongly suggest that the PNP-A/PNP-R2 pair may
activate anintracellular signaling pathway to ultimately counteract
SA signaling, contributing to the modulation of the SA-mediated
plant stress responses.

The discrepancy between our results and those presented in
Ficarra et al. (2018) could be attributable to the different methods
used for bacterial inoculation: Ficarra et al. (2018) used a surface
inoculation method in which bacteria must first overcome sto-
matal immunity, but we directly infiltrated Pst DC3000 into the
apoplast, bypassing this initial barrier (Melotto et al., 2008; Zeng
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Figure 6. PNP-R2 Counteracts the SA-Mediated /sd7 RCD and Immune Responses.

(A) Insertion positions of T-DNAs in two Arabidopsis pnp-r2 mutant alleles, pnp-r2-1 and pnp-r2-2. It should be noted that PNP-R2 does not contain any

introns.

(B) Wild-type (WT), Isd1, Isd1 pnp-r2-1,Isd1 pnp-r2-2, and Isd1 pnp-r1 plants were grown under CL, and the emergence and spread of RCD were monitored
at the indicated time points. Same scale images of representative plants are shown.

(C) Degree of RCD in the leaves from each genotype grown under CL for 22 d was visualized by TB staining.

(D) and (E) For measurements of ion leakage (D) and Fv/Fm (E), first or second leaves from each genotype grown under CL were harvested at the indicated
time points. Ten leaves per genotype were used for the measurement of Fv/Fm. Value in (D) represents means =+ sp (n = 3).

(F) Relative expression levels of PR1 and PR2 were determined using RT-gPCR. ACT2 was used as an internal standard. Value represents means * sp (n = 3).
Lowercase letters indicate statistically significant differences between mean values (P < 0.01, one-way ANOVA with post hoc Tukey’s honestly significant

difference [HSD] test; Supplemental Data Set).

et al., 2011; Doehlemann and Hemetsberger, 2013). To explore
this possibility, mature plants of wild type, pnp-A, and oxPNP-A
were surface inoculated with Pst DC3000. Interestingly, following
surfaceinoculation, the pnp-A mutant was more susceptible tothe
bacteria than wild-type plants, while oxPNP-A plants showed
increased resistance (Supplemental Figure 8A), in agreement with
previous results (Ficarra et al., 2018).

The opposing results obtained when using bacterial infiltration
versus surface inoculation point at a potential impact of PNP-A on
stomatal invasion, either indirectly through an effect on de-
velopment or directly through an effect on the response to the
invading pathogen. Since stomatal density was not affected in the
pnp-A mutant or overexpression lines (Supplemental Figure 8B),
we tested stomatal closure in response to a Pst DC3000 sus-
pension. Strikingly, the pnp-A mutant displayed diminished sto-
matal closure in response to the bacteria, while the oxPNP-A line
closed its stomata more efficiently (Supplemental Figure 8C); the
unaffected stomatal closure in response to exogenous ABA
treatment rules out a general effect on stomatal movement
(Supplemental Figure 8C). The exact mechanism underlying this
effect of PNP-A on stomatal responses, nevertheless, remains
elusive.

Shared Functionality between PNP-R1 and PNP-R2

The previously identified PNP-A receptor PNP-R1 has been im-
plicated in regulating intracellular cGMP levels in response to
extracellular PNP-A peptide, which appears to change water
homeostasis (Turek and Gehring, 2016). The lack of impact of the
loss of PNP-R1 on the Isd7 RCD is indicative of nonoverlapping
functions between PNP-R1 and PNP-R2. Therefore, we examined
whether PNP-R2 can regulate intracellular cGMP levels, similarly
to PNP-R1, in response to extracellular PNP-A peptide. Since the
protoplast swelling response to PNP-A was shown to be PNP-R1
dependent and cGMP dependent (Wang et al., 2007; Gottig et al.,
2008; Turek and Gehring, 2016), the impact of PNP-A on proto-
plasts isolated from the wild-type, pnp-r1, and pnp-r2 plants was
analyzed by measuring the diameter of each protoplast. As an-
ticipated, overexpression of PNP-A or exogenous application of
synthetic PNP-A led to an increase in protoplast volume in the
wild-type background. By contrast, the volume of protoplasts
isolated from either pnp-r1 or pnp-r2 mutant plants remained
unchanged (Supplemental Figure 9), indicating that both PNP-R1
and PNP-R2 are required for modulating water homeostasis upon
the perception of PNP-A. This finding also suggests that the
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Figure 7. pnp-r2 Mutant Plants Are Insensitive to PNP-A and Hypersensitive to SA.

(A) to (C) Seventeen-day-old wild-type (WT), Isd1,Isd1 pnp-A, and Isd1 pnp-r2-2 plants grown under CL were treated with 1 uM scrambled, active (PNP-A),
or mutated (MuPNP-A) form of AtPNP-A synthetic peptide and kept for 7 d under CL. Afterward, the RCD phenotype (A), ion leakage (B), and Fv/Fm (C) were
examined. The representative images are shown at the same scale. For the measurement of Fv/Fm, 10 leaves per genotype were used. Value in (B)
represents means = sp (n = 3).

(D) and (E) Twelve-day-old wild-type (WT), pnp-A, and pnp-r2-2 plants grown on MS medium under CL were transferred to MS medium in the absence
(Mock) or presence of 0.2 mM SA and kept for 18 d under same growth condition. The representative foliar phenotype (D) and plant size (E) of each genotype
are shown. For the measurement of plant size, 15 plants per genotype were used. Value represents means *+ sp (n = 15).

(F) Plants of the indicated genotypes grown under CL for 14 d were sprayed with either a 0.5 mM SA solution (+SA) ora mock solution (-SA), and foliar tissues
were collected 6 h after the treatment. Expression levels of PR7 and PR2 were examined by RT-qPCR. ACT2 was used as an internal standard. Value
represents means = sp (n = 3). Lowercase letters in (B), (C), (E), and (F) indicate statistically significant differences between mean values (P < 0.05, one-way

ANOVA with post hoc Tukey’s honestly significant difference [HSD] test; Supplemental Data Set).

signaling involved in the regulation of water homeostasis is dis-
tinct to that antagonizing the SA-mediated stress responses.

DISCUSSION

The PNP-A gene is transcriptionally upregulated in response to
abiotic stresses, including UV-B, salt, osmotic stress, nutrient
deficiencies, and ozone (Meier et al., 2008), indicating that PNP-A
may modulate plant responses to a multitude of environmental
factors. We also found the rapid upregulation of PNP-A in Isd1
mutant plants prior to the onset of RCD (Figures 1A and 1B), which
is triggered by various biotic and abiotic stress factors, such as
excess light, red light, UV radiation, root hypoxia, cold, and
bacterial infection (Dietrich et al., 1994; Rustérucci et al., 2001;
Mateo et al., 2004; Muhlenbock et al., 2008; Huang et al., 2010;
Chai et al., 2015; Wituszynska et al., 2015). Since SA is a prime
stress hormone in developing Isd7 RCD, all those stress factors

might increase cellular SA content in the /sd7 mutant. In fact,
a large-scale coexpression analysis indicates that PNP-A is
coexpressed with genes associated with the SA-dependent
systemic acquired resistance pathway (Meier et al., 2008).
Accordingly, our results reveal a molecular pathway in which the
PNP-A peptide negatively regulates SA-mediated plant immune
responses. Upon SA- and NPR1-dependent transcriptional up-
regulation of PNP-A (Figures 1C and 1D), the PNP-A peptide
secreted in the apoplast physically interacts with its PM-localized
putative receptor protein PNP-R2 (Figure 5). The PNP-A/PNP-R2
pair inhibits SA-mediated signaling, therefore antagonizing the
SA-triggered RCD in the /sd1 mutant (Figures 2 and 6) as well as
the SA-dependent growth retardation in wild-type plants (Figures
4 and 7), and increases the plant susceptibility to a virulent
bacterial pathogen inoculated in the apoplast (Figure 8). Thus, we
propose that both PNP-A and PNP-R2 may play an important role
in fine-tuning plant immune responses to avoid inappropriate
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Figure 8. PNP-A Peptide Enhances Plant Susceptibility to P. syringae pv
tomato DC3000 in a PNP-R2-Dependent Manner.

(A) to (C) Bacterial growths in 5-week-old, short-day-grown wild-type (WT)
plants shownin (A), WT, pnp-A, and oxPNP-A #6-7 plants shownin (B), and
WT, pnp-r2-2, and pnp-r1 plants shown in (C). Plants in (A) and (C) were
pretreated with 5 wM synthetic PNP-A peptide (PNP-A) or scrambled
peptide (Scram.) 6 h prior to bacterial infiltration. Three days later, bacteria
were extracted from three different leaves of four independent plants and
incubated at 28°C for 2 d to evaluate growth. Bars represent st of n = 4.
Lowercase letters indicate statistically significant differences between
mean values (P <0.01, one-way ANOVA with post hoc Bonferroni’s multiple
comparison test; Supplemental Data Set). These experiments were re-
peated thrice with similar results. CFU, colony-forming units.

induction of SA-dependent death signals in cells spatially sepa-
rated from infected or damaged cells, thereby minimizing tissue
damage.

An earlier report showed that the PNP-like protein XacPNP
encoded by Xanthomonas axonopodis pv citri alleviates the for-
mation of necrotic lesions in the infected host by sustaining
photosynthesis efficiency and net water flux in plant cells, which
provides a favorable environment for bacterial propagation (Gottig
et al., 2008). Accordingly, the loss of Xanthomonas XacPNP
mitigates bacterial growth by reinforcing the formation of necrotic
lesions, a process wherein SAis known to be a vital factor (Malamy
et al., 1992; Delaney et al., 1994; Mur et al., 1997; Nawrath and
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Métraux, 1999). Given the results presented here, it is tempting to
speculate that, in host plants, XacPNP counteracts SA-mediated
immune responses to enable successful bacterial colonization.
Interestingly, we observe a negative impact of PNP-A on plant
resistance to Pst DC3000 when the bacteria are infiltrated into the
leaf (Figure 8B). A different scenario arises when bacterial surface
inoculation is used instead: in this case, PNP-A enhances plant
resistance to Pst DC3000, most likely due to an increase in sto-
matal closure in response to the pathogen (Supplemental Figures
8A and 8C). PNP-A does not, however, affect stomatal closure in
response to exogenous treatment with ABA, indicating that sto-
matal closure per se is not affected by the peptide (Supplemental
Figure 8C). These results suggest that PNP-A plays a role in the
stomatal responses to a biotic threat, although at this point the
underlying molecular mechanism remains to be determined.

PNP-R1, a PM-located PNP-A receptor, catalyzes the con-
version of GTP to cGMP, causing an increase in protoplast vol-
ume. Similar to PNP-R1, we found that PNP-R2 also plays arolein
regulating water homeostasis (Supplemental Figure 9). However,
unlike PNP-R2, PNP-R1 does not appear to function in the SA-
triggered PNP-A signaling pathway (Figures 6 and 8C). The
functional diversification of PNP-R2 relative to PNP-R1 suggests
a high level of complexity of PNP-A signaling in plants, since
different receptors may be mediating distinct responses. In many
cases, RLPs act coordinately with other LRR proteins harboring
intracellular signaling domains (Jeong et al., 1999; Nadeau and
Sack, 2002; Hirakawa et al., 2017). Thus, PNP-R2 might form
a complex with an LRR-type coreceptor protein to mediate the
cellular response to the inbound factor PNP-A. Finding the po-
tential coreceptor of PNP-R2 would facilitate unveiling down-
stream signaling components, which will pave the way to the
dissection of the PNP-A signaling pathway in response to SA in
different cell types.

METHODS

Plant and Growth Conditions

All the Arabidopsis (Arabidopsis thaliana) genotypes used in this study are
of the Columbia ecotype. Arabidopsis mutant seeds of Isd7-2 (SALK_042687;
Lvetal.,2019), pnp-A (SALK_000951; Turek and Gehring, 2016; Ficarra et al.,
2018), npr1 (SALK_204100), pnp-r2-1 (GABIseq_255A11.1), pnp-r2-2
(SALKseq_6749.3), and pnp-r1 (GABI-KAT_180G04; Turek and Gehring,
2016) were obtained from the Nottingham Arabidopsis Stock Centre. We
generated and genotyped double mutants by crossing homozygous single
mutant plants and using appropriate primers (Supplemental Table 2).
Seeds were surface sterilized by soaking in 1.6% (v/v) hypochlorite solution
for 10 min, followed by washing five times with sterile water. Seeds were
then plated on Murashige and Skoog (MS) medium (Duchefa Biochemie)
containing 0.65% (w/v) agar (Duchefa Biochemie). After a 3-d stratification
at 4°C in darkness, seeds were placed in a growth chamber (CU-41L4;
Percival Scientific) under continuous light (CL) at 22 = 2°C. The light in-
tensity was maintained at 100 umol-m~—2-s~" (light from cool-white fluo-
rescent bulbs). For pathogen infection assays, plants were grown on jiffy
pellets in a controlled environment chamber under short-day conditions (8-
h-light/16-h-dark cycle) at 20 to 22°C. Four-week-old Nicotiana ben-
thamiana plants grown in a controlled growth chamber under long-day
conditions (16-h-light/8-h-dark cycle) at 25°C were used for all transient
assays.


http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00018/DC1
http://jasn.asnjournals.org/lookup/suppl/doi:10.1105/tpc.20.00018/-/DCSupplemental

2246 The Plant Cell

RNA Extraction and RT-qPCR

Total RNA (1 ng) extracted from foliar tissues using the Spectrum Plant
Total RNAKit (Sigma-Aldrich) was reverse transcribed with the HiScript 11 Q
RT SuperMix for gPCR (Vazyme Biotech) according to the manufacturer’'s
recommendations. The RT-gPCR was conducted in triplicates on
a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) with
SYBR Green Master Mix (Vazyme Biotech). Relative transcript levels were
calculated with the ddCt method (Livak and Schmittgen, 2001) and nor-
malized to the ACTIN2 (At3g18780) transcript levels. The sequences of the
primers used in this study are listed in Supplemental Table 2.

Generation of Arabidopsis Transgenic Lines

The stop-codon-less coding sequences (CDSs) of PNP-A and PNP-R2
were cloned into the pPDONR221 Gateway vector (Thermo Fisher Scientific)
via the Gateway BP reaction (Thermo Fisher Scientific) and subsequently
recombined into the Gateway-compatible plant binary vector pPGWB651
for C-terminal fusion with GFP or pGWB617 for C-terminal fusion with
4xMyc (Nakagawaetal.,2007) viathe Gateway LR reaction (Thermo Fisher
Scientific) to create p35S:PNP-A-GFP and p35S:PNP-R2-4XMyc con-
structs. The generated vectors were transformed into the Agrobacterium
tumefaciens strain GV3101 using the heat shock method. After generating
Arabidopsis transgenic plants in wild-type, Isd7, or Isd1 pnp-r2 back-
ground using Agrobacterium-mediated transformation by the floral dip
method (Clough and Bent, 1998), homozygous T3 transgenic plants were
selected on MS medium containing 12.5 mg/L Basta (Sigma-Aldrich).

BiFC Assay

BiFC assays were performed with a split-YFP system in N. benthamiana
leaves, as previously described by Lu et al. (2010). In brief, the pDONR/Zeo
entry vectors (Thermo Fisher Scientific) containing the 207-bp fragment of
PNP-A CDS (tPNP-A, counted from start codon) and the stop-codon-less
full-length CDS of PNP-R2 were recombined into the split-YFP vectors
pGTQL1211YN and 1221YC, respectively, through the Gateway LR re-
action (Thermo Fisher Scientific). For the BiFC assay, A. tumefaciens
mixtures carrying the appropriate BiFC constructs were infiltrated witha 1-
mL needle-less syringe into the abaxial side of 4-week-old N. benthamiana
leaves. After 72 h, the presence of the YFP signal was evaluated with a CS
SP8 single molecule detection confocal microscope (Leica Microsystems).
BiFC construct expressing mutated tPNP-A fused to YFPN (MutPNP-A-
YFPN, substituting two Cys’s with Ser, as shown in Supplemental Figure 4)
was used as a negative control.

Co-IP Assay

For the Co-IP assay, the pDONR/Zeo entry vector containing the 207-bp
tPNP-A CDS fragment or the stop-codon-less full-length CDS of PNP-R2
was recombined into the destination vector pGWB651 for C-terminal fu-
sion with GFP or pGWB617 for C-terminal fusion with 4 XMyc through the
Gateway LR reaction (Thermo Fisher Scientific) to create p35S:tPNP-A-
GFP and p35S:PNP-R2-4XMpyc. One or both of the vectors were ex-
pressed alone or coexpressed in 4-week-old N. benthamiana leaves after
Agrobacterium infiltration. Total protein was extracted with IP buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% [v/v] glycerol, 1.0 mM EDTA,
1% [v/v] Triton X-100, 1 mM Na,MoO,-2H,0, 1 mM NaF, 1.5 mM Na,VO,,
1 mM phenylmethylsulfonyl fluoride, and 1 X cOmplete protease inhibitor
cocktail [Roche]). After protein extraction, 20 pL of Myc-Trap magnetic
agarose beads (Myc-TrapMA; Chromotek) was incubated with 40 mg of the
total protein extract for 12 h at 4°C by vertical rotation. The beads were
washed five times with washing buffer (IP buffer with 0.1% [v/v] Triton X-
100) and then eluted with 2 X SDS protein sample buffer for 10 min at 95°C.
The eluates were subjected to 10% (w/v) SDS-PAGE gels, and the

interaction between coexpressed proteins was determined by immunoblot
analysis using a mouse anti-Myc monoclonal antibody (1:10,000, catalog
no. 2276; Cell Signaling Technology) and a mouse anti-GFP monoclonal
antibody (1:5000, catalog no. 118144600001; Roche).

Preparation of Peptides

N-Terminal biotin-labeled PNP-A peptide and its mutated and scrambled
peptide controls were synthesized and purified to >95% purity with HPLC
by Sangon Biotech. Peptides were dissolved in 10% (v/v) acetic acid
(1.5 mM stock solution) and diluted with distilled water to the desired
concentrations before use. The amino acid sequences of peptides are
shown in Supplemental Figure 4.

Peptide Pull-Down Assay and Mass Spectrometry Analysis

Twenty-day-old /sd7 mutant plants grown under CL on MS medium were
harvested and homogenized to afine powder in liquid nitrogen using mortar
and pestle. Approximately 10 g of fine powder was used to extract total
protein with the IP buffer as mentioned above. After protein extraction,
100 p.L of Dynabeads M-280 Streptavidin beads (Thermo Fisher Scientific)
prebound with or without the N-terminal biotinylated PNP-A peptide or its
scrambled peptide was incubated with 100 mg of the total protein extract
for 12 h at 4°C by vertical rotation. The beads were washed five times with
the washing buffer (IP buffer with 0.1% [v/v] Triton X-100) and then washed
two times with 1X PBS buffer. After protein elution from the beads with
SDT-lysis buffer (100 mM Tris-HCI, pH 7.6, 4% [w/v] SDS, and 0.1 M DTT),
the eluates were subjected to mass spectrometry analysis as previously
described by Wang et al. (2016).

Pull-down assays were also conducted with N. benthamiana leaves
harboring the p35S:PNP-R2-4XMyc or p35S:PNP-R1-4XMyc after
Agrobacterium infiltration. Total protein was extracted with the IP buffer
from 5 g of N. benthamiana leaves. After the pull-down assay, as described
above, the eluates were subjected to NUPAGE Bis-Tris 4 to 12% protein gel
(Thermo Fisher Scientific), and the interaction between PNP-R2 (or PNP-
R1) and the PNP-A synthetic peptide was determined by immunoblot
analysis using a mouse anti-Myc monoclonal antibody (1:10,000, catalog
no. 2276; Cell Signaling Technology) and a mouse anti-biotin monoclonal
antibody (1:2000, catalog no. B7653; Sigma-Aldrich).

Subcellular Localization and Confocal Laser-Scanning Microscopy

The pDONR/Zeo entry vectors (Thermo Fisher Scientific) containing the
stop-codon-less CDS of PNP-R2 was recombined into the destination
vector pGWB641 for C-terminal fusion with YFP through the Gateway LR
reaction (Thermo Fisher Scientific) to create p35S:PNP-R2-YFP. To de-
termine the subcellular localization of PNP-R2 and tPNP-A, the p35S:PNP-
R2-YFP and p35S:tPNP-A-GFP constructs were transformed into A. tu-
mefaciens strain GV3101 and transiently expressed in N. benthamiana
leaves. The GFP, YFP, and FM4-64 fluorescence signals were detected by
confocal laser-scanning microscopy analysis using TCS SP8 single
molecule detection microscope (Leica Microsystems) 72 h after infiltration.
All the images were acquired and processed using LAS AF Lite software
version 2.6.3 (Leica Microsystems). Cell plasmolysis was performed by
treatment with 0.8 M mannitol for 30 min.

Determination of Cell Death

Cell death was visualized and quantified using trypan blue (TB) staining and
electrolyte leakage measurements, as previously described by Lv et al.
(2019). Briefly, first or second leaves from plants grown under CL on MS
medium were submerged in TB staining solution (10 g of phenol, 10 mL of
glycerol, 10 mL of lactic acid, and 0.02 g of TB in 10 mL of water), diluted
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with ethanol 1:2 (v/v), and boiled for 2 min in a water bath. After a 16-h
incubation at room temperature on a vertical shaker, nonspecific staining
was removed with a destaining buffer (250 g of chloral hydrate in 100 mL of
water). Finally, plant tissues were kept in 50% (v/v) glycerol forimaging. For
the measurement of electrolyte leakage, 10 first or second leaves from
independent plants were harvested at the indicated time points and
transferred to a 15-mL tube containing 6 mL of water purified using a Milli-Q
Integral 5 water purification system (Millipore). After a 6-h incubation at
room temperature on a horizontal shaker, the conductivity of the solution
was measured with an Orion Star A212 conductivity meter (Thermo Fisher
Scientific). This experiment was repeated three times with similar results.

Protoplast Swelling Assays

Leaf protoplasts were isolated from 3-week-old Arabidopsis plants grown
on MS medium under CL, as previously described by Yoo et al. (2007). The
isolated protoplasts were kept in osmotic solution (0.4 M mannitol, 3 mM
MES, and 7 mM CaCl,, pH 5.7) on ice for 1 h. After treating with 1 uM of the
PNP-A peptide or its scrambled peptide for 30 min at room temperature,
photographs of protoplasts were taken using a camera on a light micro-
scope (DM750; Leica Microsystems). The diameter of each protoplast was
measured using the ImagedJ software and used to calculate its volume
assuming a spherical shape of the protoplasts. At least 50 protoplasts per
each genotype were monitored, and the experiment was repeated thrice
with a similar result.

SA Measurements

The endogenous free SA levels in 17-d-old plants of the wild type, Isd7,
Isd1 pnp-A, and Isd1 ox PNP-A grown on MS medium under CL were
measured as previously described by Lv et al. (2019).

Determination of Fv/Fm

The Fv/Fm was determined with the FluorCam system (FC800-C/
1010GFP; Photon Systems Instruments) containing a charge-coupled
device camera and an irradiation system according to the instrument
manufacturer’s instructions.

Measurements of Stomatal Closure and Density

Stomatal aperture was measured as previously described by Macho et al.
(2012), with minor modifications. Briefly, first or second leaves of 3-week-
old plants were submerged in a stomatal opening solution (10 mM MES-
KOH, pH6.15,10 uM CaCl,, 50mM KCl, and 0.01% [v/v] Tween 20). After 2-
hincubation under white light, Pst DC3000 (ODg,, = 0.1),5 ptM ABA (Sigma-
Aldrich), or mock solution was added to the buffer, and the leaf samples
were further incubated under the same conditions for 1 h. Abaxial leaf
surfaces were imaged with an upright microscope (Axio Imager M2; Carl
Zeiss), and stomatal aperture was calculated by dividing the aperture width
by the length. To determine stomatal density, the number of stomata on
abaxial leaf surfaces (at least 10 leaves for each genotype) was measured
using a scanning electron microscope (TM3000; Hitachi).

Extraction of Apoplastic Proteins

Apoplastic proteins from 3-week-old Arabidopsis wild-type and /sd7 plants
grown under CL on MS medium were extracted as previously described by
Rutter and Innes (2017), with minor modifications. Briefly, plants were
vacuum infiltrated with extraction buffer 20 mM MES, 0.1 M NaCl, and
2 mM CaCl,, pH 6.0) for 2 min. The infiltrated plant samples were carefully
blotted with filter paper to remove surface moisture and placed inside 20-
mL syringes. After centrifuging in 50-mL Falcon tubes at 700g for 20 min at
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4°C, the resulting apoplastic fluids were centrifuged again at 15,0009 for
5 min. Protein contents in the supernatants were estimated, and equal
amounts of proteins were separated on SDS-PAGE. Gel slices were cutjust
below 20-kD size mark and were subjected to in-gel digestion followed by
mass spectrometry analysis, as previously described by Duan et al. (2019).
The levels of PNP-A, PR1, and PR2 were quantified using the relative
intensity values obtained using MaxQuant software (version 1.5.8.3) with
alabel-free quantitation algorithm (Luber etal., 2010; Schwanh&usseretal.,
2011).

Induced Resistance

Induced resistance assays were performed as previously described by
Lozano-Duran et al. (2013), with slight modifications. Briefly, sterilized
seeds were sown on MS medium containing 0.7% (w/v) agar. After a 3-
d stratification at 4°C in darkness, seeds were grown in a controlled growth
chamber in short-day (8-h-light/16-h-dark) conditions at 22°C. Ten-day-
old seedlings were transferred to jiffy pellets and grown under the same
conditions as mentioned above. For spray-mediated inoculations, 3-week-
old plants were spray inoculated with a Pst DC3000 inoculum (ODgy, = 0.2
in 10 mM MgCl, with 0.02% [v/v] Silwet L-77) and kept covered for 24 h. For
each treatment, the whole aerial part of the plants was used, and bacterial
growth was determined according to the fresh weight. For infiltration-
mediated inoculations, 5-week-old plants were infiltrated with 5 uM sol-
utions of the PNP-A peptide or its scrambled peptide control with a needle-
less syringe into the abaxial side of leaves 6 h prior to bacterial infection (Pst
DC3000, ODg, = 0.0002in 10 mM MgCl,) and kept cover for 24 h. Bacterial
growth was determined 3 d after inoculation by plating 1:10 serial dilutions
of leaf extracts; plates were incubated at 28°C for 2 d before the bacterial
colony-forming units were counted. For each treatment, 7-mm leaf discs of
three leaves from four independent plants were used. This experiment was
repeated thrice with similar results; results from one experiment are shown.

Accession Numbers

Sequence information of the genes studied in this article can be found in the
Arabidopsis The Arabidopsis Information Resource database (https://
www.arabidopsis.org) under the following accession numbers: EDS17
(At3g48090), ICS1 (At1g74710), LSD1 (At4g20380), NPR1 (At19g64280),
PAD4 (At3g52430), PNP-A (At2g18660), PNP-R1 (At1g33612), PNP-R2
(At5g12940), PR1 (At2g14610), PR2 (At3g57260).

SUPPLEMENTAL DATA

Supplemental Figure 1. Two independent wild-type transgenic lines
overexpressing PNP-A.

Supplemental Figure 2. Effect of loss of or overexpression of PNP-A
on Isd1 RCD.

Supplemental Figure 3. Mass spectrometry (MS) analysis of apoplast
proteins reveals significant accumulation of PNP-A in /sd1 mutant.

Supplemental Figure 4. Schematic illustration of the domain structure
of Arabidopsis PNP-A (AtPNP-A).

Supplemental Figure 5. Effect exerted by exogenously applied PNP-
A peptide on SA-mediated growth inhibition.

Supplemental Figure 6. PNP-R2, but not PNP-R1, interacts with
PNP-A peptide.

Supplemental Figure 7. The PNP-R2-Myc fusion protein compro-
mises the enhanced RCD in Isd1 pnp-r2.

Supplemental Figure 8. Effect of PNP-A on bacterial growth and
stomatal closure after spray inoculation and stomatal density.
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Supplemental Figure 9. Effect of PNP-R2 on the PNP-A-dependent
protoplast volume changes.

Supplemental Table 1. List of proteins interacting with the PNP-A
synthetic peptides.

Supplemental Table 2. List of primer sets used in this study.

Supplemental Data Set. Statistical analysis data.
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