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Abstract

Arabidopsis PHYTOALEXIN DEFICIENT 4 (PAD4) has an essential role in pathogen resistance as a heterodimer with
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1). Here we investigated an additional PAD4 role in which it associ-
ates with and promotes the maturation of the immune-related cysteine protease RESPONSIVE TO DEHYDRATION
19 (RD19). We found that RD19 and its paralog RD19c promoted EDS1- and PAD4-mediated effector-triggered im-
munity to an avirulent Pseudomonas syringae strain, DC3000, expressing the effector AvrRps4 and basal immunity
against the fungal pathogen Golovinomyces cichoracearum. Overexpression of RD19, but not RD19 protease-inactive
catalytic mutants, in Arabidopsis transgenic lines caused EDS1- and PAD4-dependent autoimmunity and enhanced
pathogen resistance. In these lines, RD19 maturation to a pro-form required its catalytic residues, suggesting that
RD19 undergoes auto-processing. In transient assays, PAD4 interacted preferentially with the RD19 pro-protease and
promoted its nuclear accumulation in leaf cells. Our results lead us to propose a model for PAD4-stimulated defense
potentiation. PAD4 promotes maturation and nuclear accumulation of processed RD19, and RD19 then stimulates
EDS1-PAD4 dimer activity to confer pathogen resistance. This study highlights potentially important additional PAD4
functions that eventually converge on canonical EDS1-PAD4 dimer signaling in plant immunity.
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Introduction

In terrestrial environments plants encounter pathogens with
elaborate strategies to exploit the plant as a host. In turn, plants
have evolved receptors to detect pathogen attack and activate
defense pathways that limit infection. Large families of plasma
membrane localized receptor-like kinase (RLK) and receptor-
like protein (RLP) proteins intercept pathogen- or damage-
derived molecules to confer pattern-triggered immunity (PTI)
(Albert et al.,2020). Microbial strains that have become adapted
to a particular host deliver virulence factors (effectors) to host
cells that promote their colonization, often by disabling PTI. A
further recognition layer is provided by intracellular nucleotide-
binding/leucine-rich repeat (NLR) immune receptors that
detect specific effector molecules or effector-mediated modi-
fications of host components to confer a stronger defense re-
sponse called effector-triggered immunity (ETI) (Cui ef al.,
2015; Jones et al.,2016). ETT often culminates in localized host
programmed cell death (the hypersensitive response).

In PTI, activated RLK or RLP receptors function with
co-receptors to initiate intracellular phosphorylation and
Ca*-dependent signaling cascades promoting apoplastic and
transcriptional defenses (Albert ef al., 2020; Koster et al., 2022).
In ETI, two major classes of effector-sensing NLR receptors—
coiled-coil (CC) domain NLRs (CNLs) and Toll-Interleukin-1
Receptor (TIR) domain NLRs (TNLs)—form effector-
induced oligomers called resistosomes (Hu and Chai, 2023).
In the respective resistosome complexes, N-terminal CC and
TIR domains re-arrange for signaling (Hu and Chai, 2023).
The CNL resistosomes Arabidopsis HOPZ-ACTIVATED
RESISTANCE1! (ZAR1) and wheat STEM RUST35 (Sr35)
are pentamers with CC domain-encoded Ca**-permeable ion
channel activity at the plasma membrane (Wang et al., 2019; Bi
et al., 2021; Forderer ef al., 2022). CNL channel-induced Ca®*
ion fluxes presumably stimulate intracellular Ca**-dependent
protein kinases and transcription factors to confer ETI (Kim
et al.,2022; Parker et al., 2022; Jiang and Ding, 2023). By con-
trast, the TNL resistosomes Arabidopsis RECOGNITION of
PERONOSPORA PARASITICA1 (RPP1) and Nicotiana
benthamiana RECOGNITION of XOPQ1 (Roql) are tetra-
mers with TIR domain-encoded NADase activity (Ma et al.,
2020; Martin et al., 2020). ETI and PTI receptor systems can
cross-potentiate each other to amplify defense signaling cas-
cades and ETI-associated host cell death (Ngou et al., 2021;
Tian et al., 2021;Yuan et al.,2021).

Emerging evidence shows that CNL resistosomes trigger
ETI-associated cell death and pathogen resistance auton-
omously (Wang et al., 2019; Bi et al., 2021; Forderer et al.,
2022) or through their activation of related CNL-type ‘helper’
NLRs (Ahn et al., 2023; Contreras et al., 2023). By contrast,
TNL receptors recruit a small conserved family of lipase-
like proteins, ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1), PHYTOALEXIN DEFICIENT4 (PAD4) and
SENESCENCE ASSOCIATED GENE101 (SAG101), to

promote ETI by activating two sub-classes of conserved
CNL-like (CC"M) helper NLRs, ACTIVATED DISEASE
RESISTANCE1 (ADR1) and N REQUIREMENT GENE1
(NRG1) (Lapin et al., 2020; Sun et al., 2021; Wu et al., 2021).
NADase-active TNLs as well as TIR-domain proteins [TIRs;
such as Arabidopsis RESPONSE to HOPBA1 (RBAT1)]
produce particular NAD" catalytic products (ribosylated
nucleotides) that preferentially bind to EDS1-PAD4 or EDS1—
SAG101 heterodimers, enabling their specific association with
co-functioning ADR1 or NRG1 helper NLRs to confer im-
munity (Dongus ef al.,2022; Huang et al., 2022; Jia et al., 2022,
2023; Locci et al., 2023). Whereas the EDS1-SAG101-NR G1
node appears to be dedicated to TNL-mediated ETT in dicot
plants (Gantner ef al., 2019; Lapin et al., 2019, 2022; Sun et al.,
2021), studies show that the EDS1-PAD4-ADR1 node is
more broadly recruited for transcriptional defense potentiation,
stimulated by TNL, CNL and certain PRR receptors (Dongus
and Parker, 2021; Lapin et al., 2022). EDS1 provides an essential
scaffold for TIR/TNL-induced PAD4 association with ADR1
helper NLRs (Wagner ef al., 2013; Huang et al., 2022). Notably,
Arabidopsis PAD4 has an EDS1-independent role in promot-
ing defenses that limit aphid feeding (Pegadaraju et al., 2007;
Louis et al.,2012; Dongus et al., 2020). We therefore postulated
that Arabidopsis PAD4 has additional resistance-promoting ac-
tivities that remain to be uncovered.

In this study, we characterized an interaction between
Arabidopsis PAD4 and the papain-like cysteine protease
(PLCP) RESPONSIVE TO DEHYDRATION 19 (RD19),
which was identified through immunoprecipitation of PAD4
followed by protein identification with mass spectrometry. In
plants, PLCPs contribute to both cell-surface receptor- and
NLR-mediated immunity (van der Hoorn, 2008; Liu et al.,
2018). Most studied PLCPs are secreted to the apoplast where
they promote immune responses either as pathogen viru-
lence targets or decoys that are guarded by cell-surface recep-
tors (Paulus ef al., 2020; Godson and van der Hoorn, 2021).
PLCPs can also generate immunogenic peptides that could be
recognized by cell-surface receptors (Ziemann et al., 2018).
The discovery of PLCPs as pathogen effector targets to pro-
mote infection underscores their importance in immunity
regulation (Rooney et al., 2005; Ilyas et al., 2015; Pogorelko
et al., 2019). Arabidopsis RD19 was found to promote bac-
terial effector PSEUDOMONAS OUTER PROTEIN P2
(PopP2)-triggered TNL (RESISTANT TO RALSTONIA
SOLANACEARUM 1/RESISTANT TO P. SYRINGAE 4,
RRS1/RPS4) ETI to Ralstonia solanacearum root-infecting
bacteria (Bernoux ef al., 2008). PopP2 is an acetyltransferase
that, through its enzymatic activity, disables defensive WRKY
transcription factor binding to the chromatin, which is recog-
nized by an Arabidopsis nuclear TNL pair, RRS1/R PS4, to ac-
tivate ETT (Le Roux et al., 2015; Sarris ef al.,2015). In transient
N. benthamiana expression assays, PopP2 associated with RD19
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and promoted RD19 re-localization from vacuoles to the nu-
cleus (Bernoux et al., 2008). Here we show that a structure-
guided N-terminal domain variant of PAD4 (PAD4M)
(Wagner et al., 2013) that retains extremely weak interaction
with EDS1 in vivo is, unexpectedly, fully functional in TNL
immunity. Using immunoprecipitation followed by protein
identification with mass spectrometry of non-triggered tissues,
we identified RD19 as a prominent PAD4M'" interactor. We
found that RD19 also interacts with wild-type PAD4, but not
SAG101 or EDS1, and that this interaction is reduced when
PAD4 is bound to EDS1.We establish that RID19 and its para-
logue RD19¢ contribute to TNL (RRS1/RPS4)-mediated
pathogen restriction and to basal immunity against powdery
mildew infection. RD19 has proteolytic activity (Richau et al.,
2012) and mutations in the catalytic triad abolished its func-
tion in promoting defense responses. We further discovered
that whereas PAD4 promotes RD19 maturation and nuclear
accumulation, autoimmunity caused by RID19 overexpression
is dependent on both EDS1 and PAD4.We propose that PAD4
has an EDS1-independent role assisting RID19 maturation, and
that active RD19 creates an EDS1-PAD4-dependent feedback
loop to potentiate immune responses.

Materials and methods

Plant materials, growth conditions, and pathogen strains

Arabidopsis accession Col-0 was used in all experiments. The eds1-2
(Bartsch et al., 2000), pad4-1 (Jirage et al., 1999), sag101-3 (Cui et al.,
2018), and pad4 sag101 (Cui et al., 2018) mutants have been published.
Arabidopsis mutants rd19 and rd19c were obtained from The Arabidopsis
Information Resource (TAIR, Stanford, CA, USA). The rd19 rd19c
double mutant was generated by crossing rd19 with rd19c. RD19 over-
expression (OE-RD19, 35S:RD19-Flag), RD19“"** overexpression
(OE-RD19°%4 ) 35S:RD19°"*A_FLAG), and RD19"7?** overexpres-
sion (OE-RD19™204 358 RD19NA_FLAG) transgenic lines were
generated using the floral-dip method (Clough and Bent, 1998). The
RD19 overexpression in eds1-2 was generated by crossing OE-RD19
line #2 with eds1-2. The RD19 overexpression lines in pad4-1, sag101-3,
or pad4-1 sag101-3 were generated by crossing OE-RD19 line #2 with
pad4-1 sag101-3. Pseudomonas syringae pv. tomato (Pst) strain DC3000 and
Pst DC3000 AvrRps4 were maintained as previously described (Cui et al.,
2018). The seeds were germinated on Murashige and Skoog (MS) me-
dium plates and then transplanted into soil after 10 d. All plants were
grown in a growth chamber at 22 °C and 65% relative humidity, with
9 h/15 h (light/dark) period and a light intensity of 150 pmol m 2 s™".

Golden gate cloning and generation of Arabidopsis transgenic
lines

The coding sequence of RD19 and RD19C without a stop codon
was amplified from Col-0 ¢cDNA and cloned into Level (L) O vector
pAGM1287.The genes were then cloned into L1 vector pICH47811 and
L2 vector pICH86966 (with kanamycin resistance as selection marker
in the transgenic plants) to fuse it with a CaMV 35S promoter and
C-terminal 3X FLAG tag. The backbones, 35S promoter (pICH51266)
and terminator (pICH41414) modules were from the Golden Gate clon-
ing toolkit (Addgene, Waterown, MA USA) (Engler et al., 2014). The
primers used for cloning are provided in Supplementary Table S1.The L2

construct of RD19-FLAG was transformed into Agrobacterium GV3101,
and transgenic lines were generated by Agrobacterium-mediated floral dip-
ping of Col-0 plants.

Pathogen infection assays

For pathogens growth assays, Pst DC3000 or Pst DC3000 AvrRps4 was
cultured overnight in KB medium at 28 °C in a 200 rpm shaker, and
the cultured cells were collected by centrifuging at 4000 rpm.The bac-
teria then were diluted at ODy,,=0.2 in water plus 0.02% Silwet-77
for spray infection on 4-week-old Arabidopsis leaves. Bacterial titers
were measured at 3 days post-infection (dpi) as described (Feys ef al.,
2005). Statistical analysis on bacterial growth data from three or two
independent experiments with six biological replicates in each exper-
iment (as indicated in the figure legends) was determined by one-way
ANOVA followed by Tukey’s honestly significant difference (HSD)
test.

For powdery mildew infection, spores of Golovinoniyces cichoracearum
strain UCSC1 maintaining on pad4-1 leaves were blown onto the plants
to be infected. The infected leaves were stained with trypan blue at 5 dpi
to visualize hyphae and quantify the number of conidiophores per colony
(Frye and Innes, 1998).

Hyaloperonospora  arabidopsidis  (Hpa) isolate Emwal was spray-
inoculated on 4.5-week-old plants with a spore concentration of 4 X 10*
spores ml~"' and trypan blue staining was performed at 4 dpi, to visualize
both cell death and free hyphae growth by light microscopy. Spores were
counted at 7 dpi and the number of spores was normalized to the corre-
sponding plant fresh weight. Statistical analysis of spore counts from three
biological replicates, consisting of two technical replicates (pool of four
to six plants each) was performed by ANOVA (data transformation using
quadratic root to reach a normal distribution of the data) with multiple
comparison using Tukey’s HSD test.

Quantitative reverse transcription-PCR assay

Total plant RNA was extracted with TRIzol Regent (Thermo Fisher
Scientific, cat. no. 15596018), and then ¢cDNA was obtained using
GoScriptTM Reverse Transcription kit (Promega, cat. no. M1708).
Quantitative reverse transcription—PCR (qQRT-PCR) assays were per-
formed on a CFX Connect machine (Bio-Rad Laboratories). Expression
of the test genes was normalized to AT4G26410 (Cui et al., 2018). The
primers used for gqRT-PCR are provided in Supplementary Table S1.

Transient expression in Arabidopsis protoplasts

Arabidopsis protoplasts and transfections were performed as described (Li
et al., 2005). Transfected protoplasts were incubated at room temperature
under weak light (1.5 pmol m™2 s™") for 12~16 h for expressing target
proteins.

Trypan blue staining

Arabidopsis leaves were stained with trypan blue according to Koch and
Slusarenko (1990) and observed with X10 magnification under a Zeiss
Axiocam 506 color light microscope.

Protein extraction, immunoprecipitation, and immunoblotting

These experiments were performed as described (Cui et al., 2018).
Antibodies used were anti-green fluorescent protein (GFP; Transgen, cat.
no. HT801), anti-FLAG (Abcam, cat. no. ab49763), anti-hemagglutinin
(HA) (Roche, cat. no. 11867423001), anti-mouse IgG (Abbkine, cat. no.
A21010), anti-rat IgG (Earthox, cat. no. E030140), and anti-rabbit IgG
(Abbkine, cat. no. A21020).
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Split-luciferase complementation assay

A split-luciferase complementation assay was performed as described
(Chen et al., 2008). Agrobacterium tumefaciens (GV3101 PM90) carrying
the indicated nLUC and cLUC constructs was mixed and infiltrated into
the leaves of N. benthamiana using a needle-less syringe. Two days post-
infiltration, the leaves were rubbed with 1 mM luciferin and kept in the
dark for 5 min to quench the fluorescence. Then the luciferase images
were captured with a cooled CCD imaging apparatus (Berthold, cat. no.

LB985).

Results
A functional PAD4 variant interacts weakly with EDS1

We reported previously that simultaneous exchanges of amino
acids (M16A,L21S,F143A) in the N-terminal lipase domain of
Arabidopsis PAD4 (PAD4M'Y) strongly reduced its association
with EDS1 and thus EDS1-PAD4 dimer formation (Wagner
et al., 2013). To test whether this mutation impairs immunity,
transgenic lines expressing PAD4"™" or PAD4 under the na-
tive promoter were generated in an Arabidopsis pad4-1 sag101-
3 double mutant background. Immunoblotting assays showed
that the PAD4""" lines accumulated much less PAD4 protein
than the PAD4 lines (Fig. 1A), suggesting that PAD4™"" pro-
tein is less stable than wild type (WT) PAD4. This finding is
in line with PAD4 stabilization as a dimer with EDS1 (Feys
et al., 2005; Wagner et al., 2013). We tested pathogen resist-
ance of these transgenic lines to the avirulent bacterial strain
Pseudomonas syringae pv tomato DC3000 expressing the effector
protein AvrR ps4 (Pst AvrRps4), which, in addition to PopP2, is
recognized by the TNL pair RRS1/RPS4 conferring ETI (Le
Roux et al., 2015; Sarris et al., 2015). Unexpectedly, PAD4"*
pad4-1 sag101-3 lines restricted Pst AvrRps4 growth as effi-
ciently as PAD4 pad4-1 sag101-3 and wild type (WT, Col-
0) or sag101-3 (Fig. 1B). This indicated that PAD4"™" fully
complements pad4 sag101 in RRS1/RPS4-triggered immu-
nity. These results suggest that although PAD4™' is impaired
in its interaction with EDS1 and accumulates to low levels, it
is still able to mediate TNL RRS1/RPS4 signaling leading to
pathogen restriction in ETI.

We tested whether PAD4M' requires EDS1 to confer im-
munity by transforming YFP-fused PAD4"™" under control
of a constitutive CaMV 35S promoter into the pad4-1 single
or pad4-1 eds1-2 double mutant. Two independent transgenic
lines accumulating similar levels of PAD4™™ protein in each
background were selected (Fig. 1C). In Pst AvrRps4 growth
assays, the PAD4_YFP pad4-1 lines were as resistant as W'T
Col-0 plants (Fig. 1D) indicating that PAD4™"—yellow fluo-
rescent protein (YFP) complements pad4-1 in TNL RRS1/
RPS4 ETI. By contrast, PAD4""*-YFP pad4-1 eds1-2 lines
were as susceptible as pad4-1 eds1-2 (Fig. 1D).Therefore, EDS1
is required for PAD4™'" signaling in ETI even though EDS1
association with PAD4M'F is impaired.

The requirement of EDS1 for PAD4M" activity prompted
us to re-evaluate the interaction between the two proteins. In

co-immunoprecipitation (Co-IP) assays after transient expres-
sion in Arabidopsis Col-0 protoplasts, we found that very low
amounts of HA-tagged EDS1 co-purified with PAD4M""~YFP
compared with PAD4-YFP (Fig. 1E), indicating that PADMF
interacts weakly with EDS1. Therefore, we reasoned that weak
association between PAD4MF and EDSI, likely conferred by
their C-terminal ‘EP” domain interfaces (Wagner et al., 2013),
is sufficient for TNL-mediated ETT.

RD19 specifically interacts with PAD4 but not SAG101
or EDS1

Because PAD4MF is less tightly bound by EDS1, we reasoned
that PAD4M™ might be a useful bait to identify further co-
functioning immunity components. We therefore expressed
PAD4M-YFP or YFP (as control) in Arabidopsis pad4-1 pro-
toplasts for immunoprecipitation (IP) experiments. PAD4M"F—
YFP and YFP were purified on GFP-trap beads and the eluted
proteins analysed using liquid chromatography followed by
tandem mass spectrometry (LC-MS/MS). Compared with
the YFP control, PAD4M"—YFP-enriched proteins were
identified. One of these was EDS1 (Supplementary Fig. S1A;
Supplementary Table S2), further supporting the weak associ-
ation between EDS1 and PAD4M'F. The papain-like cysteine
protease RD19 (AT4G39090) was found among the PAD4MF-
associated proteins (Supplementary Fig. S1A; Supplementary
Table S2). Notably, RD19 was also identified as a significant
[P-MS/MS interactor of YFP—-PAD4 in Arabidopsis leaves
after pathogen activation of TNL RRS1/RPS4 ETI (Sun et al.,
2021).We confirmed that RD19 fused to a FLAG tag (RD 19—
FLAG) co-purified with both PAD4-YFP and PAD4M“-
YFP in Arabidopsis pad4-1 protoplast transient assays (Fig.
2A). RD19-FLAG did not interact with EDS1-YFP or
SAG101-YFP in IP assays (Fig. 2B). Interestingly, two bands
of RD19-FLAG were detected in the PAD4 IP samples, but
only one band in the input samples (Fig. 2A, B). Papain-like
cysteine proteases usually have an auto-inhibitory domain that
is removed during the protease maturation (van der Hoorn,
2008). The second band of RD19-FLAG in the IP samples
might be a processed form of RID19 that was enriched by
interacting with PAD4. Split-luciferase transient expression
assays in N. benthamiana further indicated that RD19 inter-
acts preferentially with PAD4 and not with EDS1 or SAG101
(Fig. 2C). We concluded from these data that there is a stable
association between PAD4 and RD19 in both non-triggered
and immune-triggered cells.

We next tested whether RD19 interacts with PAD4 when it
is bound to EDS1 in the heterodimer. For this, RD19-FLAG
and PAD4-YFP were co-expressed with or without EDS1-
HA in eds1-2 protoplasts and the proteins immunoprecipi-
tated using GFP-trap beads. In the presence of EDS1-HA,
which forms a stable dimer with PAD4, lower amounts of
RD19-FLAG protein co-purified with PAD4-YFP (Fig. 2D).
Consistent with EDS1 interacting weakly with PAD4MF,
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Fig. 1. A functional PAD4M'F variant interacts weakly with EDS1. (A) Immunoblot probed with anti-PAD4 antibody showing PAD4 protein accumulation

in transgenic Arabidopsis lines expressing PAD4 or PAD4M-F (MLF #1, MLF #2) under its native promoter in the pad4-1 sag107-3 mutant background,
with the pad4-7 mutant as a negative control. Ponceau staining of the blots indicates equal loading. (B) Growth of Pseudomonas syringae pv. tomato
DC3000 expressing the effector AvrRps4 (Pst AvrRps4) on lines from (A) with WT Col-0 and sag707-3 mutant as control. Leaves of 4-week-old plants
were infiltrated with bacterial suspensions (ODg,=0.0002), and bacterial titers were determined at 3 days post-infection (dpi). Dots with different colors in
boxplots represent two independent experiments with six biological replicates in each experiment. Different letters indicate statistical significance (P<0.01)
determined by one-way ANOVA followed by Tukey’s HSD. (C) Immunoblot probed with anti-yellow fluorescent protein (YFP) antibody showing PAD4
protein accumulation in transgenic Arabidopsis lines expressing PAD4"*-YFP under the CaMV 35S promoter in the pad4-1 or pad4-1 eds1-2 mutant
background, with WT Col-0 as the negative control. Ponceau staining of the blots indicates equal loading. (D) Growth of Pst AvrRps4 on lines from (C)
with WT Col-0, pad4-71 and pad4-1 eds1-2 mutant as a control. Leaves of 4-week-old plants were infiltrated with bacterial suspensions (ODgp=0.0002),
and bacterial titers were determined at 3 dpi. Dots with different colors in boxplots represent two independent experiments with six biological replicates
in each experiment. Different letters indicate statistical significance (P<0.01), as determined by one-way ANOVA followed by Tukey’s HSD test. (E)
Co-immunoprecipitation analysis of the interaction between EDS1-HA and PAD4-YFP or PAD4M-F-YFP in transfected Arabidopsis eds7-2 protoplasts.
Proteins in total extracts (input) and after immunoprecipitation (IP) with GFP-trap beads [IP (anti (a)-YFP)] were detected on immunoblots using a-HA or
a-GFP antibodies. The experiment was repeated three times with consistent results.

Col-0

EDS1 did not compete with RD19 for PAD4™"" interaction Since RD19 interacts with PAD4 or PAD4M™, we investi-
(Fig. 2D). Taken together, the data suggest that EDS1 bound to  gated which domain of PAD4 is responsible for the association.
PAD4 limits PAD4-RD19 association. When expressed alone, the C-terminal EP-domain portion of
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Fig. 2. RD19 specifically interacts with PAD4 but not with EDS1 or SAG101. (A) Co-IP analysis of the interaction between RD19-FLAG and PAD4—
YFP or PAD4MY-YFP in transfected Arabidopsis Col-0 protoplasts. Proteins in total extracts (input) and after IP with anti-GFP beads [IP (a-YFP)] were

detected on immunoblots using a-FLAG or a-GFP antibodies. (B) Co-IP analysis of the interaction between RD19-FLAG and EDS1-YFP, PAD4-YFP, or
SAG101-YFP in transfected Arabidopsis Col-0 protoplasts. Proteins in total extracts (input) and after IP with anti-GFP beads [IP (a-YFP)] were detected

on immunoblots using a-FLAG or a-GFP antibodies. (C) Split-luciferase assays of the interaction between RD19-cLUC and EDS1-nLUC, PAD4-
nLUC, SAG101-nLUC, or YFP-nLUC in N. benthamiana leaves. Luciferase complementation imaging assays were performed 2 d after co-infiltration
of Agrobacterium expressing indicated plasmids. (D) Co-IP analysis of the interaction between RD19-FLAG and PAD4-YFP or PAD4M-F-YFP with or

without co-expression of EDS1-HA in transfected Arabidopsis pad4-1 protoplasts. Proteins in total extracts (input) and after IP with anti-GFP beads [IP

(a-YFP)] were detected on immunoblots using a-FLAG, a-HA, or a-GFP antibodies. (E) Schematic representation of the PAD4-SAG101 chimeras used
in the Co-IP assay shown in (E). The EDS1-SAG101 crystal structure (PDB ID 4nfu) is used as background with PAD4 or SAG101 portions and amino
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acid positions shown in brown and green, respectively. EDS1 is shown in blue. (F) Co-IP analysis of the interaction between RD19-FLAG and PAD4-
YFP, SAG101-YFP, chimeric protein SNPC-YFP (SAG101'28PAD42%-5"_YFP) or PNSC-YFP (PAD4'?%SAG1012895%7_YFP) in transfected Arabidopsis
Col-0 protoplasts. Proteins in total extracts (input) and after IP with anti-GFP beads [IP (a-YFP)] were detected on immunoblots using a-FLAG or a-GFP
antibodies. These experiments were repeated three times with consistent results.

PAD4 is unstable (Supplementary Fig. S1B) (Wagner et al.,
2013). We therefore generated two chimeric proteins using
the EDS1-SAG101 dimer structure as guide (Wagner et al.,
2013; Lapin et al., 2019): an N-terminal PAD4 lipase-like do-
main (PAD4"P) fused with a C-terminal SAG101 EP-domain
(PNSE, PAD4'"*SAG101%*°°7) and N-terminal SAG101
fused with C-terminal PAD4 (SNP€, SAG101'%PAD4*>)
(Fig. 2E). In Arabidopsis pad4-1 protoplast assays, RD19-FLAG
co-purified with YFP—PNS but not with YFP-SNP© (Fig. 2F).
This indicates that the PAD4 N-terminal lipase-like domain
determines specific interaction with RID19. Furthermore, in in
vitro pull-down experiments showed that His-tagged PAD4"'"
(GST)-tagged
RD19 when expressed in Escherichia coli (Supplementary Fig.
S1C).Together, the results suggest that PAD4 associates directly
with RD19 via the PAD4 N-terminal lipase-like domain and
that this association does not require PAD4% direct signaling

co-purified with glutathione S-transferase

partner, EDS1, or an immunity trigger.

RD19 and paralog RD19C positively regulate RRS1/
RPS4 ETI to bacteria and basal immunity to powdery
mildew

A protein BLAST and phylogenetic tree analysis revealed
that RD19 has two close homologs, RD19B (AT2G21430)
and RD19C (AT4G16190), in the Arabidopsis genome
(Supplementary Fig. S2A) (Richau et al., 2012). Expression
of RD19 and RD19C, but not RD19B, was increased in
Arabidopsis  RPS4/RRS1-mediated ETI to Pst AvrRps4
(Supplementary Fig. S2B). Similar RD19- and RD19C-
induced expression trends were observed in a 28 °C—19 °C
temperature shift-induced RPS4 autoimmune line (Heidrich
et al., 2013), while RD19B expression was barely detected
(Supplementary Fig. S2C). These data suggest that RD19 and
RD19C might contribute to TNL immunity. In Arabidopsis
protoplast IP assays, RD19C also associated with PAD4 but
not with EDS1 or SAG101 (Supplementary Fig. S2D).

We obtained T-DNA insertion mutants of rd 19 (Salk_031088)
and rd19¢ (SAIL_355_D07) from the Arabidopsis Biological
Resource Center (ABR C).Homozygosity of the T-DNA inserts
was verified in selected mutant lines by PCR. (Supplementary
Fig. S2E). To test for possible redundancy between RD19 and
RD19C, we generated an rd19 rd19c double mutant by crossing
rd19 with rd19c. Using the mutants, we measured the contri-
bution of RD19 and RD19C to RRS1/RPS4-mediated re-
sistance to Pst AvrRps4 after spray inoculation of bacteria onto
leaves. Bacterial growth in leaves was slightly increased in rd19
or rd19c single mutants and was further increased in the rd19

rd19¢ double mutant (Fig. 3A). These data suggest that RD19
and RD19C contribute positively to RRS1/RPS4 TNL ETI
in a partially redundant manner.

To test whether RD19 and/or RD19C promote TNL ETI
against a different pathogen, we inoculated plants with the
oomycete Hyaloperonospora arabidopsidis (Hpa) isolate Emwal,
which is recognized by TNL RPP4 in Col-0 (van der Biezen
et al., 2002). In this response, rd19, rd19c, and rd 19 rd19¢ double
mutants displayed similar levels of resistance to WT and all
produced a hypersensitive response with no Hpa sporulation
(Supplementary Fig. S3A, B). We concluded that RD19 and
RD19C have a minor or no impact on RPP4-mediated re-
sistance to Hpa.

We further investigated RD19 and RD19C involvement
in EDS1/PAD4-mediated basal resistance to virulent path-
ogen strains. Bacterial growth assays with virulent Pst DC3000
showed that rd19, rd19c, and rd19 rd19c mutants were no more
susceptible than WT Col-0 plants (Supplementary Fig. S3C).
Therefore, RD19 and RD19C are dispensable for basal immu-
nity to Pst DC3000. By contrast, inoculations with virulent
powdery mildew isolate Golovinomyces cichoracearum revealed
more severe disease symptoms (Fig. 3B) and higher sporula-
tion (Fig. 3C) on leaves of rd19, rd19c, and rd19 rd19¢ than on
WT Col-0. Therefore, RD19 and RD19C have positive roles
in basal resistance to powdery mildew infection. We concluded
that genetic contributions of RD19 and its paralog RD19C
coincide with only a subset of PAD4-dependent TNL ETI and
basal immunity in Arabidopsis.

RD19 overexpression leads to autoimmunity

To further explore the role of RD19 in plant immunity,
Arabidopsis lines expressing RD19-FLAG driven by the con-
stitutive 35S promoter were generated in WT Col-0. Two in-
dependent homozygous lines accumulating different levels
of RD19-FLAG protein were selected (OE-RD19 #1, #2)
(Fig. 4A). We noticed that 4-week-old OE-RD19 #2 plants
with highest RD19 protein accumulation were smaller than
OE-RD19 #1 and WT plants (Fig. 4B). Five-week-old plants
of both OE-RD19 #1 and #2 lines exhibited early leaf se-
nescence (Fig. 4B). Staining of leaf cells with trypan blue re-
vealed that OE-RD19 #2 started to show spontaneous cell
death at 4 weeks (Fig. 4C). Similarly, cell death was detected
in OE-RD19 #1 plants at 5 weeks (Fig. 4C). Thus, overex-
pression of RD19 leads to protein dosage- and age-dependent
spontaneous cell death.

We measured resistance of 4-week-old OE-RD19 plants to
virulent pathogens. Inoculated Pst DC3000 bacteria reached
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Fig. 3. RD19 and RD19C positively regulate RRS1/RPS4-mediated ETI
and basal defense to powdery mildew. (A) Growth of Pst DC3000 AvrRps4
in leaves of Col-0, rd19, rd19¢c, and rd19 rd19c. Leaves of 4-week-old
plants were spray infected with bacterial suspensions (ODg,0=0.2), and
bacterial titers were determined at 3 days post-infection (dpi). Dots with
different colors in boxplots represent three independent experiments

with six biological replicates in each experiment. Different letters indicate
statistical significance (P<0.01) determined by one-way ANOVA followed
by Tukey’s HSD test. (B) Powdery mildew symptoms on leaves of
Arabidopsis plants at 9 dpi with Golovinomyces cichoracearum. (C)
Quantification of fungal growth in plants at 5 dpi by counting the number
of conidiophores per colony. Bars represent mean +SD (n>20). Letters
indicate significant differences (P<0.05; one-way ANOVA). The experiment
was repeated three times with similar results.

10-fold lower titers on OE-RD19 #1 and ~100-fold less on
OE-RD19 #2 plants than on WT Col-0 (Fig. 4D). Therefore,
RD19 overexpression enhances basal immunity to Pst
DC3000. qRT-PCR assays showed that expression of the PR 1
and salicylic acid (SA) synthesis ICS1 defense marker genes
was constitutively high in OE-RD19 plants compared with
WT Col-0, which showed induced defense gene expression
in response to Pst DC3000 (Fig. 4E). Across assays, the extent
of plant growth retardation, spontaneous cell death, bacterial
resistance, and constitutive expression of defense genes in the
OE-RD19 lines correlated with RD19 protein levels (Fig. 4).
The OE-RD19 plants were also more resistant to powdery
mildew (G. cichoracearum) infection. Plants displayed exten-
sive lesioning (Fig. 4F) and fewer conidiophores per colony in
leaves at 5 dpi (Fig. 4G).These results show that overexpression
of RD19 in Arabidopsis results in autoimmunity and enhanced
resistance to virulent pathogens.

Protease activity of RD19 is required for its immunity
promotion

RD19 encodes a papain-like cysteine protease in subfamily
C1A with measurable proteolytic activity (Richau et al., 2012).
As a C1A protease, RD19 is predicated to have a signal pep-
tide that likely targets the protein to the vacuole (Bernoux
et al.,2008), an autoinhibitory pro-domain, and a protease en-
zymatic domain with a catalytic triad of Cys'”, His*"?, and
Asn® for auto-processing and cleavage of potential target sub-
strates (https://www.uniprot.org) (Fig. 5A). C1A proteases are
normally produced as prepro-proteases (the full length protein
containing signal peptide, pro-domain, and protease domain)
in which the autoinhibitory pro-domain is removed during
activation of the protease (van der Hoorn, 2008). When exam-
ining accumulation of RD19-FLAG protein in OE-RD19
lines by immunoblotting, we detected two RID19-FLAG spe-
cific bands of ~ 44 kDa and 41 kDa (Fig. 4A; Supplementary
Fig. S4A) that we predicted to correspond, respectively, to the
prepro-protease and pro-protease (pro plus protease domain)
forms of RD19 with the FLAG epitope tag.

To test whether RD19 promotes immunity through its
protease activity, we generated transgenic Arabidopsis lines
expressing RD19""".FLAG or RD19"***.FLAG muta-
tions in the predicted catalytic site residues, also driven by the
CaMV 35S promoter. Two independent OE-RD19™2** and
OE-RD19“""* homozygous lines (#1 and #2) with similar
RD19 transcript and protein levels as OE-RD19 lines #1
and #2 were selected (Fig. 5B; Supplementary Fig. S4B). On
immunoblots, the RD19 lower band (likely corresponding
to the pro-protease form of RD19) was much weaker in
the OE-RD19™** and OE-RD19“"*** mutants compared
with OE-RD19 WT proteins (Fig. 5B). We interpreted this
as correlating with RD19 auto-proteolytic activity in RD19
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Fig. 4. Overexpression of RD179 results in autoimmunity and enhances resistance to virulent pathogens. (A) Immunoblot probed with anti-FLAG antibody
showing RD19-FLAG protein accumulation in transgenic Arabidopsis lines expressing RD19-FLAG (OE-RD19 #1, #2) under the 35S promoter in the
Col-0 background, with WT Col-0 as the negative control. Ponceau staining of the blots indicates equal loading. (B) Developmental phenotype of 3-,
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4-, and 5-week-old plants of transgenic lines in (A). Scale bars: 1 cm. (C) Trypan blue staining of cell death in leaves of plants in (B). Scale bars: 1

mm. (D) Growth of Pst DC3000 in leaves of Col-0, OE-RD19 #1 and #2. Leaves of 4-week-old plants were spray infiltrated with bacterial suspensions
(ODgpo=0.2), and bacterial titers were determined at 3 days post-infection (dpi). Dots with different colors in boxplots represent two independent
experiments with six biological replicates in each experiment. Different letters indicate statistical significance (P<0.01), as determined by one-way ANOVA
followed by Tukey’s HSD test. (E) Expression of the salicylic acid pathway genes PR7 and ICS7 in Col-0 and OE-RD19 #1 and #2 measured by gRT-
PCR. Gene expression was normalized to AT4G264170. Error bars represent the mean +SD of three biological replicates. Significant difference from
Col-0 using Student’s t-test: *P<0.05. (F) Powdery mildew symptoms on leaves of Col-0, pad4-1, OE-RD19 #1 and #2 at 8 dpi with G. cichoracearum.
Scale bar: 1 cm. (G) Quantification of fungal growth on Col-0, pad4-1, OE-RD19 #1 and #2 plants at 5 dpi by counting the number of conidiophores per
colony. Bars represent mean +SD (n>20). Letters indicate significant differences (P<0.05; one-way ANOVA). The experiment was repeated three times

with similar results.

WT but not in RD19™2%A or RD19¢12 Also, 5-week-old
OE-RD19™*A and OE-RD19“"*** plants had no develop-
mental defects or spontaneous cell death (Fig. 5C). Unlike
OE-RD19 plants, the OE-RD19™*** and OE-RD19¢"%
lines had no increased expression of PRI and ICS1 genes
(Fig. 5D) and were as susceptible as WT plants to virulent Pst
DC3000 (Fig. 5E). Put together, these data suggest that RD19
protease activity is required both for its auto-processing and for
eliciting an autoimmune response.

RD19-conditioned autoimmunity requires EDS1 and
PAD4

To dissect the genetic relationship between RD19 and the
EDS1 family, RD19-FLAG overexpression in eds1-2, pad4-
1, sag101-3, or pad4-1 sag101-3 mutant backgrounds was
obtained by crossing OE-RD19 line #2 with eds1-2 or pad4-1
sag101-3. RD19-FLAG protein levels were examined in the
selected mutant lines. Strikingly, the RD19-FLAG lower 41
kDa band (corresponding to pro-protease form of RID19-
FLAG) was markedly reduced in pad4-1 and pad4-1 sag101-
3 but was not affected in a sag101-3 single mutant (Fig. 6A;
Supplementary Fig. S5). Accumulation of pro-RD19-FLAG in
eds1-2 varied between experiments (Fig. 6A; Supplementary
Fig. S5). We concluded that PAD4, but not SAG101, pro-
motes accumulation of the pro-RD19 form in planta. Also,
OE-RD19-mediated stunting was abolished in eds1-2, pad4-
1, or pad4-1 sag101-3 but not the sag101-3 mutant (Fig. 6B).
qRT-PCR assays showed that RD19 expression was similar
between the different RD19-OE lines and much higher than
those expressing endogenous RD19 (Fig. 6C). OE-RD19
driven constitutive expression of PR1 and ICS1 was abolished
in the eds1-2, pad4-1, and pad4-1 sag101-3 mutants, but not in
sag101-3 (Fig. 6C). Moreover, OE-RD19 in eds1-2, pad4-1,
and pad4-1 sag101-3 did not enhance resistance to Pst DC3000
but did in sag101-3 (Fig. 6D). These results suggest that while
the accumulation of processed RD19 (pro-form) depends
mainly on PAD4, OE-RD19-conditioned autoimmunity is
both EDS1- and PAD4-dependent.

PAD4 interacts with the processed RD19 forms

To further clarify whether the processed form of RD19-FLAG
detected on blots is the RD19 pro-protease, we generated

vectors expressing truncated RD19 forms with C-terminal
FLAG tags corresponding to proRD19 without the signal
peptide (amino acid 1-22) and RD19"7*7% lacking signal
peptide and pro-domain (amino acids 23—133) (Fig. 7A). The
full-length and truncated RDD19 proteins were transiently co-
expressed with PAD4—YFP or YFP in Arabidopsis protoplasts
to validate their molecular masses and test for interactions with
PAD4 in a Co-IP assay. As shown in Fig. 7B, proRD19-FLAG
(predicted 41.1 kDa with 3XFLAG tag) migrated slightly faster
than RD19-FLAG (predicted 43.6 kDa), while the RD19"*
*8_FLAG band (predicted 28.4 kDa) migrated at ~35 kDa on
immunoblots (Fig. 7B). This agreed with our prediction that
the lower band of RD19-FLAG detected in OE-RD19 plants
(Figs 4A, 5B, 6A) likely corresponds to proRD19. Compared
to RD19-FLAG, more proRD19-FLAG and RID19"7*7%-
FLAG proteins co-purified with PAD4-YFP (Fig. 7B). This
finding suggests that PAD4 interacts preferentially with the
processed RD19 forms.

PAD4 promotes nuclear accumulation of processed
RD19

RD19 has a predicted nuclear localization signal (NLS) at
its C-terminus (Supplementary Fig. S6; https://nls-mapper.
iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). We there-
fore investigated the subcellular localization of RD19 and
proRD19. Fully processed RD19"*7% was excluded because
it was not detected in the OE-RD19 transgenic lines. RD19-
YFEP and proRD19-YFP were first transiently expressed in N.
benthamiana leaves. Consistent with previous reports, RD19—
YFP was mainly detected in the cytoplasm and in putative
mobile vacuole-associated compartments (Fig. 7C) (Bernoux
et al., 2008). However, weak RD19—-YFP fluorescence was
detected within the nucleus, marked by mCherry-tagged his-
tone 3.1 (mCherry—H3.1) (Fig. 7C), suggesting that a small
amount of RD19 accumulates in nuclei. By contrast, strong
fluorescence of proRD19-YFP was detected in the nucleus
(Fig. 7C), suggesting that a major pool of processed RD19
(proRID19) resides in the nucleus.

To test whether proRD19-YFP nuclear localization depends
on PAD4, we transiently expressed proRD19—YFP together
with the nuclei marker mCherry—H3.1 in Arabidopsis pad4-1
protoplasts. In these assays proRID19 was observed mainly in
the cytoplasm and vesicles but hardly detected in the nucleus
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(B) Immunoblot probed with a-FLAG antibody showing RD19-FLAG, RD19"¥?A_FL AG, and RD19°"®A-F|AG protein accumulation in transgenic
Arabidopsis lines expressing FLAG-tagged RD79 or RD79 mutants under 35S promoter in the Col-0 background. Ponceau staining of the blots indicates
equal loading. (C) Developmental phenotype and trypan blue staining of cell death of 5-week-old transgenic plants in (B). Scale bars: 1 cm (upper panel)
or 2 mm (lower panel). (D) Expression of PR7 and ICS1 in 5-week-old plants of transgenic lines in (B) measured by gRT-PCR. Gene expression was
normalized to AT4G26410. Error bars represent the mean +SD of three biological replicates. Significant difference from Col-0 was determined using
Student’s t-test: *P<0.05; ns, not significant. (E) Growth of Pst DC3000 in leaves of 5-week-old plants of transgenic lines in (B). Leaves of 4-week-old
plants were spray infiltrated with bacterial suspensions (ODg,=0.2), and bacterial titers were determined at 3 d post-infection. Dots with different colors
in boxplots represent three independent experiments with six biological replicates in each experiment. Different letters indicate statistical significance
(P<0.01), as determined by one-way ANOVA followed by Tukey’s HSD test.
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Fig. 6. EDS7 and PAD4 are required for RD79-mediated autoimmunity. (A) Immunoblot probed with a-FLAG antibody showing RD19-FLAG protein
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replicates. Significant difference from Col-0 or each mutant background was determined using Student’s t-test: *P<0.05; ns, not significant. (D) Growth of
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and bacterial titers were determined at 3 d post-infection. Dots with different colors in boxplots represent two independent experiments with six biological
replicates in each experiment. Different letters indicate statistical significance (P<0.01), as determined by one-way ANOVA followed by Tukey’s HSD test.

(Fig. 7D). When co-expressed with PAD4-FLAG, a higher
proRD19-YFP nuclear signal was observed (Fig. 7D). This
suggests that PAD4 directly or indirectly promotes nuclear ac-
cumulation of proRD19-YFP.To test this observation further,
we extracted total and nuclear protein fractions from pad4-1
protoplasts expressing proRID19-YFP alone or together with
PAD4-FLAG. Immunoblot assays showed that the proRD19—
YFP total and nuclear pools increased in the presence of
PAD4-FLAG (Fig. 7E).

Discussion

In Arabidopsis, EDS1 and PAD4 function as a heterodimer to
confer TNL immunity as well as basal resistance through their
activation of ADR 1-family helper NLRs (Sun ef al., 2021; Wu
et al., 2021; Huang et al., 2022). PAD4 additionally functions
independently of EDS1 in reducing infestation by green peach
aphid (Pegadaraju et al., 2007; Louis et al.,2012; Dongus et al.,
2020). Besides the helper NLRs, other components regulating
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20 um. (D) ProRD19-YFP alone or together with PAD4-FLAG was co-expressed with mCherry—H3.1 in pad4-1 protoplasts to visualize the subcellular
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in pad4-1 protoplasts for 16 h. Detection of actin and histones by their antibodies indicated successful isolation of nuclei from the protoplasts. (F) A
proposed working model for PAD4-regulated RD19 in plant immunity. PAD4 interacts with RD19 and promotes accumulation of processed RD19
(proRD19) in the nucleus, where the activated RD19 might lead to the degradation of negative components and/or up-regulation TIRs or TNLs, resulting
in increased production of small molecules that promote EDS1-PAD4 defense. This model does not exclude RD19 proteolytic targeting of multiple
immunity components in the cytoplasm, nucleus, and apoplast.
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processes downstream of PAD4 have remained elusive. Here,
we provide evidence that Arabidopsis papain-like cysteine pro-
tease RD19 and its paralog RD19C contribute to some but
not all PAD4-regulated immune responses. Our biochemical
and genetic evidence shows that RD19 and RD19C specifi-
cally interact with PAD4 and help to promote RRS1/RPS4-
mediated ETI to bacteria and basal resistance to powdery
mildew in leaves (Figs 2, 3). Overexpression of RD19 results in
autoimmunity with enhanced resistance to virulent pathogens
(Fig. 4), which is fully dependent on RD19 protease activity
(Fig. 5). Furthermore, we show that PAD4 influences both
RD19 maturation and nuclear accumulation (Figs 6A, 7). The
data suggest a molecular and functional link between PAD4
and a cysteine protease in plant immunity.

We previously showed that mutually exclusive EDS1 het-
erodimers with PAD4 or SAG101 execute distinct functions
in Arabidopsis TNL immunity (Rietz ef al., 2011; Wagner et al.,
2013; Lapin et al., 2019; Dongus et al., 2022). EDS1 stable in-
teraction with PAD4 or SAG101 is mediated by a hydrophobic
helix in the EDS1 N-terminal lipase-like domain binding to
similar N-terminal pockets of PAD4 and SAG101 (Wagner et al.,
2013). Much weaker interactions were found to be mediated
by EDS1-PAD4 and EDS1-SAG101 C-terminal EP-domain
interfaces (Wagner et al., 2013). It was recently demonstrated
that TIR NADase activity of TNLs upon effector recognition
leads to the production of two sets of NAD "-derived ribosyl-
ated nucleotides that preferentially bind to C-terminal grooves
of EDS1-PAD4 and EDS1-SAG101 dimers to promote their
association with ADR1 and NRGT1 helper NLRs ADR1 and
NGRU1, respectively (Huang et al., 2022; Jia et al., 2022). In
this study, we found that although the PAD4MYE variant inter-
acts very weakly with EDS1 in non-activated tissues, it is fully
functional in TNL-triggered EDS1-dependent ETTI signaling
in (Fig. 1). It is conceivable that in TNL-activated tissues, the
binding of ribosylated nucleotide small molecules to the EP
domain cavity of EDS1-PAD4M strengthens this interaction
to confer ETIL.

Using PAD4MF a5 a bait, we identified the papain-like cysteine
protease RD19 as an interactor with PAD4 but not SAG101
or EDS1 in transient expression assays both in Arabidopsis pro-
toplasts and N. benthamiana (Fig. 2B, C). Consistent with this,
RD19 was previously identified as a PAD4 interaction partner
in an [IP-MS/MS study of bacterial AvrR ps4-triggered leaf tis-
sues (Sun et al., 2021). Thus, RD19 interacts with PAD4 in
non-triggered and immune-activated tissues. Notably, the pres-
ence of EDS1 reduced PAD4 interaction with RD19 (Fig.2D),
suggesting that the strong direct association between EDS1 and
PAD4 limits the free pool of PAD4 for interaction with RD19.
Co-IP experiments testing interactions between RID19 and
PAD4-SAG101 chimeric proteins revealed that the N-terminal
domain of PAD4 is responsible for its association with RD19
(Fig. 2E). While the MLF mutation of N-terminal PAD4 sub-
stantially reduced PAD4 association with EDS1 (Fig. 1E),
it did not strongly impact PAD4-R D19 interaction (Fig. 2A).

It is therefore likely that PAD4 uses different N-terminal sur-
faces to interact with RD19 or EDS1.

RD19 was shown to promote TNL RRS1/RPS4-mediated
ETI to R. solanacearum expressing effector PopP2 (Bernoux
et al., 2008). Our pathogen infection assays demonstrated that
RD19 and RD19c¢ positively regulate RRS1/RPS4-mediated
resistance to P syringae expressing a different RRS1/RPS4-
recognized effector, AvrRps4 (Fig. 3A). However, the rd19
rd19c double mutant had no detectable role in TNL RPP4-
mediated immunity to Hpa isolate Emwal (Supplementary
Fig. S3), which is strongly PAD4-dependent (van der Biezen
et al., 2002). Moreover, the rd19 and rd19¢c mutants showed
enhanced susceptibility to virulent powdery mildew fungal
infection (Fig. 3B, C), but not to virulent Pst DC3000 bac-
teria (Supplementary Fig. S3C). Therefore, it seems that RD19
PLCPs are necessary for only a subset of TNL-ETT and basal
resistance responses. This might be explained by differential ef-
fectiveness of RD19 PLCP activities against pathogens with
varying effector panels and infection strategies. Alternatively,
induced expression of RD19 and RD19¢ (Supplementary Fig.
S2B, C) might be below a threshold to contribute measur-
ably to RPP4-mediated ETI to Hpa Emwal or basal resistance
against Pst DC3000.

The apoplastic cysteine protease Rer3 from tomato
functions as a decoy to trap the fungal effector Avr2. As
the Rer3—Avr2 protein complex is recognized by the cell-
surface receptor-like protein Cf-2 to trigger resistance to
fungal pathogen Cladosporium fulvum, the proteolytic ac-
tivity of Rer3 is not required for the Cf-2-mediated immune
response. Unlike Rer3, our genetic studies of catalytic triad
mutations RD19°""* and RD19™*** indicate that the pro-
tease activity of RD19 is required for its function in promot-
ing immunity (Fig. 5). Therefore, it is possible that one or
more substrates of RID19 are negative regulators of plant im-
munity, or a substrate of RD19 is guarded by a TNL receptor
for ETI activation.

As a papain-like cysteine protease, RD19 contains an
N-terminal signal peptide and an auto-inhibitory pro-domain.
The predicted mature form of RD19 contains 235 amino acids
(RD197*%) with a molecular mass of 25 kDa. However,
immunoblots detected only two bands of RD19-FLAG approx-
imately at 41 kDa and 44 kDa (Fig. 4A; Supplementary S4A),
and no detectable band below 40 kDa (Supplementary Fig. S4).
‘We propose that the lower band at 41 kDa is proRD19, an in-
termediate form of RID19 without its signal peptide (Fig. 7A).
The presence of proRD19 is dependent on its protease ac-
tivity (Fig. 5B), indicating that RD19 likely undergoes a self-
processed maturation. It has been reported that epitope tags on
papain-like cysteine proteases are frequently degraded in the
proteolytic environment created when proteases are overex-
pressed (Richau et al., 2012). Therefore, it is also possible that
the mature form of RD19 (~25 kDa) in the OE-RD19 lines
lost its C-terminal FLAG tag and thus was undetectable on the
immunoblots (Supplementary Fig. S4A).
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How maturation of papain-like cysteine proteases is achieved
is largely unknown. Here, our results show that PAD4 inter-
acts with RD19 via the PAD4 N-terminal lipase-like domain
(Fig.2) Importantly,accumulationofprocessed RD19 (proR1D19)
was greatly reduced in pad4- 1 mutant (Fig. 6A), suggesting that
PAD4 influences maturation of RD19, either by facilitating
RD19 maturation directly or by re-localizing RD19 to a com-
partment where proRD19 is stabilized. Moreover, both PAD4
and EDST1 are genetically required for RD19 overexpression-
mediated autoimmunity and enhanced basal resistance
(Fig. 6). Considering that protease activity is required for
RD19-promoted immunity (Fig. 5), we speculate that RD 19—
PAD4 (as phase 1) and then PAD4-EDS1 (as phase 2) create
a defense-potentiation loop. Such a feedback loop created by
PLCPs and SA has been reported in maize (Ziemann et dal.,
2018). Treatment with SA in Zea mays led to the activation
of two apoplastic PLCPs, CP1 and CP2, which cleaved and
released an immunogenic peptide, Zipl (Z. mays IMMUNE
SIGNALLING PEPTIDE 1). Zipl in turn strongly elicited
SA accumulation in leaves (Ziemann et al., 2018). In our study,
PAD4 promoted the maturation of RD19 in RD19 overex-
pression lines (Fig. 6A).The activated RD19 might lead to the
degradation of negative components and/or up-regulation
TIRs or TNLs, resulting in increased production of small mol-
ecules that would promote EDS1-PAD4 defense (Fig. 7F).

The subcellular localization of immune regulators is cru-
cial for tight control of the immune system (Cui ef al., 2015).
Transient expression in N. benthamiana leaves showed that over-
expressed RD19-YFP was mainly localized in mobile vesicles
(Fig. 7C) (Bernoux et al., 2008), whereas proRD19-YFP had
a clear fluorescence signal in the nucleus (Fig. 7C). Notably,
proRD19 interacted with PAD4 more strongly than its full-
length form (Fig. 7B). Moreover, PAD4 influenced the nuclear
accumulation of proRD19 (Fig. 7D, E). Taken together, this
study suggests that PAD4 alone has a capacity to interact with
RD19 and promote its maturation and nuclear accumulation.
Because we were not able to track the fully mature RD19 form,
we do not exclude the possibility that active RD19 protease
has targets in multiple compartments, including the apoplast
(van der Hoorn, 2008). As the protease activity of RD19 is re-
quired for its function in promoting defense responses (Fig. 5),
the identification of RID19 substrates would help to clarify
the molecular mechanism by which RD19 regulates plant
immunity.
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Fig. S2. Analysis of RD19 family genes.

Fig. S3. RD19 and RD19C are dispensable for TNL RPP4-
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