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SUMMARY

Papain-like cysteine proteases (PLCPs) are pivotal in plant development and immunity, though their specific
regulatory mechanisms in immune responses remain largely unexplored. In this study, we identify AtRD19C,
a vacuole-localized PLCP, and demonstrate its role in negatively regulating plant immunity to Phytophthora
parasitica. We show that AtRD19C suppresses the ethylene (ET) signaling pathway by destabilizing the cop-
per chaperone AtATX1, which is essential for activating ET signaling through the ethylene receptor ETR1.
Genetic and biochemical analyses reveal that AtATX1 and the ET signaling pathway positively regulate
immunity against Phytophthora. Given the conserved roles of RD19C and ATX1 in Solanum tuberosum, our
findings suggest a conserved mechanism by which RD19C and ATX1 regulate resistance to Phytophthora

across plant species.

Keywords: plant susceptibility, papain-like cysteine protease, Phytophthora parasitica, RD19C, ATX1, ethyl-
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INTRODUCTION

Oomycetes are among the most destructive plant patho-
gens, responsible for significant crop losses and damage
to forest ecosystems (Beakes et al.,, 2012; Kamoun
et al., 2015). For instance, Phytophthora infestans caused
the Irish Famine and remains a major threat to potato pro-
duction worldwide (Haverkort et al., 2008; Savary et al.,
2019). Phytophthora parasitica infects the leaves and roots
of over a thousand plant species (Kamoun et al., 2015).
While genetic breeding for disease resistance is the most
effective strategy to control crop diseases, oomycetes are
notorious for their genetic variability and ability to over-
come host genotype-specific resistance, making chemical
fungicide application a primary method of disease control.
As such, strategies derived from a deeper understanding
of plant susceptibility offer promising alternatives (Bi
et al., 2024; Turnbull et al., 2019; Wang et al., 2015).

In our study, we employed the P. parasitica — A. thali-
ana compatible interaction system to screen over 10,000
independent A. thaliana T-DNA insertion mutants (Meng
et al., 2015; Wang et al., 2011), identifying the RD19C gene,
which encodes a papain-like cysteine protease (PLCP).

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.

Proteolysis is essential for protein function, degrada-
tion, and the remobilization of proteins and amino acids.
PLCPs are integral in regulating protein functions, either
by degrading unwanted proteins or activating protein
functions through specific cleavage (Pesquet, 2012).
PLCPs belong to family C1A in the Merops protease data-
base and are divided into nine plant subfamilies (Richau
et al., 2012). These proteases feature two folded domains
—an o-helix and a p-sheet (Turk et al., 2001) connected to
form a substrate-binding groove with the catalytic triad
Cys-His-Asn. Several PLCPs have been implicated in
plant-pathogen interactions (Misas-Villamil et al., 2016;
Shindo & Van der Hoorn, 2008). For instance, Arabidopsis
null mutants of the PLCP RD21 exhibit increased suscepti-
bility to the necrotrophic fungal pathogen Botrytis cinerea
(Shindo et al., 2012), while antisense lines lacking the
tomato PLCP gene Pip71 show increased susceptibility to
Cladosporium fulvum, Pseudomonas syringae, and P.
infestans (llyas et al., 2015). XCP2 negatively regulates
plant resistance to Ralstonia solanacearum (Zhang et al.,
2014), and PLCP RD21A is crucial for drought-induced
immunity against P. syringae (Liu et al., 2020). Current
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understanding of the RD19A-like subfamily genes has pri-
marily focused on RD19A. Specifically, RD19A enhances
the dimer activity of EDS1-PAD4, while PAD4 facilitates
the maturation and nuclear accumulation of processed
RD19A, thereby contributing to pathogen resistance (Zeng
et al., 2023). Additionally, the receptor-like cytoplasmic
kinase BSK1 is required for RD79A-mediated disease
resistance and plays a crucial role in stabilizing the
RD19A protein (Li, Shao, et al., 2024). RD19C and its role
in plant immunity we identified has not been clearly
described yet.

Copper (Cu) is an essential micronutrient and cofactor
for various enzymes and electron carriers. Copper chaper-
ones are crucial for copper transport, binding cytosolic
Cu(l) and delivering it to copper-dependent proteins (Burk-
head et al., 2009; Mira, Vilar, et al., 2001; Robinson &
Winge, 2010). ATX1 is a copper chaperone that contains a
Cu-binding MXCXXC motif, essential for maintaining cop-
per homeostasis (Shin et al., 2012).

The ethylene signaling pathway, vital for plant immu-
nity, is initiated when ethylene binds to its receptors (Sha-
keel et al., 2013; Zhao & Guo, 2011). Copper ions are
essential cofactors for ethylene receptors’ ethylene-binding
activity (Azhar et al., 2023; Binder et al., 2010; Chen et al.,
2002; Rodriguez et al., 1999). ATX1 directly or indirectly
transfers copper ions to the ethylene receptor ETR1 (Hop-
pen et al., 2019), suggesting its crucial role in regulating
the ethylene response (Li et al., 2017; Yang et al., 2022).
However, the involvement of ATX1 in plant immunity
remains largely unexplored.

In this study, we identify the PLCP AtRD19C as a nega-
tive regulator of plant resistance to Phytophthora through
a forward genetics approach. We demonstrate that
AtRD19C interacts with AtATX1, leading to the degradation
of AtATX1 in vivo and semi-in vitro via protease activity.
Our findings show that AtATX1 enhances plant resistance
by activating the ethylene signaling pathway through
ETR1. Together, these results reveal that RD19C negatively
regulates plant immunity by destabilizing ATX1 and inhi-
biting the ethylene signaling pathway.

RESULTS

AtRD19C encodes a papain-like cysteine protease and
negatively regulates A. thaliana immunity to P. parasitica

To uncover the genetic basis of plant susceptibility to
oomycete pathogens, we screened a collection of A. thali-
ana T-DNA insertion mutants for enhanced disease resis-
tance to P. parasitica (Li et al., 2020; Lu et al., 2020; Pan
et al., 2016). This screen identified mutant 3331, which was
determined to carry two T-DNA insertions: one in the pro-
moter and the other in the first exon of AtRD19C, a gene
encoding a predicted papain-like cysteine protease.
RT-gPCR analysis revealed that AtRD19C expression was

significantly upregulated in response to P. parasitica infec-
tion (Figure S1).

To confirm its role in plant immunity, we used
CRISPR/Cas9 genome editing to knock out AtRD19C in the
Col-0 background via Agrobacterium tumefaciens-medi-
ated transformation. Two single-guide RNAs (sgRNAs) tar-
geting the first exon of AtRD19C were employed, and DNA
sequencing confirmed the generation of two independent
knockout lines (rd79c¢c-1 and rd19c¢-2) with truncated
AtRD19C alleles (Figure S2a). Inoculation assays showed
that both rd19c¢-7 and rd19¢-2 mutants exhibited enhanced
resistance to P. parasitica, as evidenced by significantly
smaller lesions and reduced pathogen biomass compared
with Col-0 (Figure 1a—c).

We next generated AtRD19C overexpression (OE) lines
in the Col-0 background. RT-qPCR analysis confirmed sig-
nificantly elevated AtRD19C expression levels in two inde-
pendent OE lines (OE48 and OE51) (Figure S2b). Infection
assays revealed that both OE48 and OE51 displayed signifi-
cantly increased susceptibility, as indicated by larger lesion
sizes and higher P. parasitica biomass compared with Col-
0 (Figure 1a—c).

To validate the function of AtRD19C, we developed
two complementation lines (CM4 and CM6) by introducing
AtRD19C under its native promoter into the rd79c-1 back-
ground. RT-gPCR analysis confirmed restored AtRD19C
expression in both lines (Figure S2c). Infection assays
demonstrated that the complementation lines exhibited
larger lesion sizes and higher pathogen biomass levels
compared with rd79c-1 (Figure 1d-f). Collectively, these
findings indicate that AtRD19C negatively regulates plant
resistance to P. parasitica.

RD19C has high sequence similarity with the homolo-
gous RD19A and RD19B proteins in Arabidopsis. We ana-
lyzed their immune function in N. benthamiana leaves by
transient expression, followed by inoculation with P. para-
sitica. AtRD19A-GFP expression significantly decreased
lesion sizes and P. parasitica biomass compared with the
Flag-GFP control. Overexpression of AtRD19B-GFP dis-
played a tendency to promote infection but was not signifi-
cant in both lesion sizes and pathogen biomass compared
with the Flag-GFP control (Figure S3). These results sug-
gest that AtRD19A positively regulates plant resistance to
P. parasitica and that the negative immune role of AtRD19C
is specific.

Vacuolar localization of AtRD19C is required for its
immune function

PLCPs exhibit diverse subcellular localizations, including
the apoplast (Paulus et al., 2020), vacuole (Kang et al.,
2012), and chloroplast (Frank et al., 2019). To determine
the subcellular localization of AtRD19C, we fused its coding
sequence to green fluorescent protein (GFP) and tran-
siently expressed the construct in N. benthamiana leaves.
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AtRD19C-GFP exhibited membrane-like signals near the
cell wall (Figure 1h), suggesting possible apoplastic or vac-
uolar localization. However, following plasmolysis, the
GFP signals were observed along the plasma membrane,
stained with FM4-64 (Figure 1g), confirming its intracellular
localization. Co-localization experiments with the vacuolar
membrane marker y-TIP-mCherry (Nelson et al., 2007; Liu
et al., 2023) further established that AtRD19C resides in the
vacuole (Figure 1h).

The vacuolar localization of AtRD19C depends on its
vacuolar sorting determinant (VSD), the NPIR motif, recog-
nized by vacuolar sorting receptors (VSRs). Mutating this
motif (to generate AtRD19C***4) results in apoplastic locali-
zation (Shen et al., 2013). Plasmolysis experiments showed
that AtRD19C**AA.GFP fluorescence signals were observed
in the apoplast and did not overlap with y-TIP-mCherry,
confirming its altered localization (Figure 2a; Figure S4).

To test whether vacuolar localization is essential for
AtRD19C’'s immune function, we transiently expressed
AtRD19C***4-GFP, AtRD19C-GFP, and Flag-GFP in N.
benthamiana leaves and inoculated them with P. parasi-
tica. While AtRD19C-GFP expression significantly increased
lesion sizes compared with Flag-GFP, AtRD19CA**A-GFP
failed to promote P. parasitica colonization (Figure 2b-c;
Figure S5). These results demonstrate that vacuolar locali-
zation is crucial for AtRD19C’s role in promoting suscepti-
bility to P. parasitica.

The cysteine protease activity of AtRD19C is vital for its
immune function

Since vacuolar localization is required for AtRD19C func-
tion, and the vacuole is critical for activating mature cyste-
ine proteases (Cheng et al., 2020), we hypothesized that
AtRD19C’'s protease activity underpins its immune
function.

To test this, we generated an inactive mutant
(AtRD19CE™) by replacing four key catalytic residues (Glu-
tamine 158, Cysteine 164, Histidine 307, and Asparagine
334) (Misas-Villamil et al., 2016; Rawlings et al., 2009; Rawl-
ings & Barrett, 1993; Shindo & Van der Hoorn, 2008) with
alanines (Figure S6). RT-gPCR confirmed the expression of
AtRD19C™ in two independent OE lines (OE25 and OE26)
(Figure S7). The activity of AtRD19CEM was monitored
through activity-based protein profiling (ABPP) using DCG-
04, with the DCG-04-labeled proteases detected via
streptavidin-HRP. In comparison to AtRD19COE48, extracts
from AtRD19CEMOE26 plants exhibited reduced streptavi-
din cross-reactivity. Similar results were also observed in
N. benthamiana, thereby confirming their altered protease
activity (Figure S8). Infection assays revealed that OE25
and OE26 lines did not enhance susceptibility, with lesion
sizes and pathogen biomass comparable to Col-0
(Figure 2d-f). These results highlight the importance of
protease activity for AtRD19C’s immune function.
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To further confirm the role of its protease activity, we
applied the cysteine protease inhibitor E64, which irrevers-
ibly binds to protease active sites (D'Silva et al., 1998), to
AtRD19C-OE48 leaves before P. parasitica infection. E64
treatment significantly reduced the susceptibility of OE48
plants (Figure 2g-i), reinforcing the importance of
AtRD19C’s protease activity.

Taken together, these findings demonstrate that
AtRD19C’s protease activity is indispensable for its role in
enhancing susceptibility to P. parasitica.

AtRD19C interacts with and destabilizes AtATX1

To elucidate the regulatory mechanisms of AtRD19C-
mediated plant susceptibility, we performed immunopre-
cipitation (IP) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to identify its target proteins.
Among approximately 20 candidate proteins identified
(Table S2), we focused on the copper chaperone AtATX1.
The interaction between AtRD19C and AtATX1 was con-
firmed using split-luciferase complementation assays in N.
benthamiana leaves. AtATX1 was fused to clLuc (the
C-terminal half of firefly luciferase [Luc]) and AtRD19C to
nLuc (the N-terminal half of Luc). Luciferase reconstitution
was observed only in regions co-expressing cLuc-AtATX1
and AtRD19C-nLuc, confirming their interaction (Figure 3a).

Further validation was provided by co-immunoprecipi-
tation (Co-IP) assays in N. benthamiana. AtATX1 was fused
to mCherry at its C-terminus, and the construct was tran-
siently co-expressed with AtRD19C-GFP, using Flag-GFP
as a control. AtATX1-mCherry co-immunoprecipitated
with AtRD19C-GFP, whereas no interaction was detected
with Flag-GFP (Figure 3b). Additionally, a pull-down assay
confirmed their direct interaction in vitro (Figure 3c). The
vacuolar fluorescence signals of AtRD19C-GFP overlapped
with AtATX1-mCherry, indicating their co-localization
within the vacuole (Figure S9). Collectively, these results
establish that AtRD19C interacts with AtATX1 in the
vacuole.

Given that AtRD19C functions as a protease in the vac-
uole, we hypothesized that AtATX1 may be its substrate
and undergo vacuole-dependent degradation. To test this,
we treated AtATXT1-mCherry-overexpressing A. thaliana
seedlings with Concanamycin A (ConA), an inhibitor of
vacuole-dependent degradation (Drose & Altendorf, 1997).
Upon ConA treatment, AtATX1-mCherry accumulated in
vacuolar punctate structures, suggesting vacuolar degrada-
tion (Figure 3d).

We next assessed whether AtRD19C mediates AtATX1
degradation by co-expressing AtATX1-mCherry with
AtRD19C-GFP or Flag-GFP control in N. benthamiana.
Western blot analysis revealed reduced AtATX1 abundance
when co-expressed with AtRD19C, suggesting that
AtRD19C destabilizes AtATX1 in vivo (Figure 3e-f). Muta-
tional inactivation of AtRD19C’s protease activity
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Figure 1. AtRD19C negatively regulates plant immunity to P. parasitica.

(a—c) Representative image (a), di severity ment (b), and P. parasitica biomass (c) of lesions in rd19c mutants, AtRD19C-overexpression lines (OE48
and OE51), and wild-type Col-0.

(d-f) Representative image (d), disease severity assessment (e), and P. parasitica biomass (f) of lesions in rd19c-1, AtRD19C-complementation lines (CM4 and
CM6), and wild-type Col-0. Images were taken 72 h post-inoculation (hpi) with P. parasitica zoospores. Lesions were visualized using trypan blue staining. Scale
bars = 1 cm. Biomass was measured by qPCR using AtUBC9 and PpWS041 as internal standards for A. thaliana and P. parasitica, respectively. Data represent
the mean + SD (n = 3). Genomic DNA was extracted from samples comprising at least five leaves at 3 days post-inoculation (dpi) per replicate. Statistical signif-
icance was assessed using Student’s t-test for biomass analysis and Wilcoxon-Mann-Whitney test for di severity nent. *P < 0.05, **P < 0.01, and
**kP < 0.001.

(g) The AtRD19C-GFP recombinant protein was transiently expressed in N. benthamiana leaves via agroinfiltration. Membrane dye FM4-64 was used as a mem-
brane structure marker. Leaf epidermal peels were plasmolyzed in 2.5 M NaCl for 5 min. White dotted lines indicate the plant cell wall during plasmolysis. Scale
bar =30 um.

(h) Subcellular localization of AtRD19C-GFP in N. benthamiana leaves at 3 days post-agroinfiltration (dpa) determined by confocal microscopy. y-TIP-mCherry

served as a vacuole marker. Fluorescence intensity profiles along the arrows are shown. Scale bar = 30 um.

(AtRD19CEM) abolished this destabilization, as did E64
treatment, a protease inhibitor (Figure 3e-f).

A semi-in vitro degradation assay further confirmed
that AtRD19C directly destabilizes AtATX1. Recombinant
6 x His-AtATX1 was incubated with crude protein extracts
from AtRD19COE48, rd19c-1, or Col-0 A. thaliana leaves.
Degradation of AtATX1 was observed in AtRD19COE48
extracts and inhibited by E64 treatment, confirming that
the protease activity of AtRD19C is required for AtATX1
degradation (Figure 3g-h). Together, these results demon-
strate that AtRD19C destabilizes AtATX1 through its prote-
ase activity.

AtATX1 positively regulates plant resistance to
P. Parasitica

To explore the role of AtATX7 in plant immunity, we
obtained two T-DNA insertion mutants (atx7-1 and atx71-2)
and generated AtATX7 overexpression (AtATX1-OE) lines
in the Col-0 background using the CaMV 35S promoter.
RT-gPCR analysis confirmed elevated transcript levels in
two independent AtATX71-OE lines (OE4 and OE5)
(Figure S10). Infection assays using P. parasitica zoospores
revealed smaller lesions and reduced pathogen biomass in
AtATX1-OE plants, whereas atx7 mutants exhibited
increased lesion sizes and pathogen loads compared with
Col-0 (Figure 4a—c). These results indicate that AtATXT pos-
itively regulates resistance to P. parasitica.

To investigate the genetic relationship between
AtRD19C and AtATX1 in immune signaling, we generated
a rd19c-1/atx1-1 double mutant. Upon P. parasitica inocula-
tion, rd19c-1/atx1-1 plants displayed significantly higher
susceptibility than rd79c-1, resembling wild-type Col-0
(Figure 4d-f). These results suggest that AtATX7 functions
downstream of AtRD19C in resistance to P. parasitica.

AtATX1 activates the ethylene signaling pathway

As AtATX1 facilitates ethylene (ET) signaling by delivering
copper ions to the ET receptor ETR1 (Li et al., 2017; Yang
et al., 2022), we tested whether this function is required for
its immune role. AtATX10E5 plants treated with Triplin, a
copper chelator, exhibited lesion sizes and pathogen

biomass levels comparable to Triplin-treated controls
(Figure 5a-c), suggesting that AtATX1-mediated immunity
depends on copper transfer to ETR1.

To assess whether AtRD19C regulates immunity via
the AtATX1-ETR1-ET pathway, we treated rd79¢c-7 and Col-
0 leaves with Triplin, followed by P. parasitica inoculation.
While mock-treated rd79c-1 plants retained enhanced resis-
tance, triplin-treated rd79c-1 leaves exhibited increased
susceptibility, comparable to triplin-treated Col-0 plants
(Figure 5d-f). These findings indicate that rd79c-1-
mediated resistance involves ET signaling.

Using CRISPR/Cas9, we generated etr! knockout
mutants in Col-0, AtATX10E5, and rd19c-1 backgrounds.
Pathogenicity assays revealed that etr? mutants were more
susceptible to P. parasitica compared with their respective
parental lines, confirming the ET pathway’s role in resis-
tance (Figure 5g-i). Both AtATX10E5/etr1-1 and rd19c-
1/etr1-1 double mutants exhibited increased susceptibility
compared with AtATXT0E5 or rd19c-1, respectively
(Figure 5g). Collectively, these results demonstrate that
AtRD19C and AtATX1 regulate immunity via activation of
the ETR1-mediated ET signaling pathway.

RT-qPCR analysis of ET pathway marker genes (EIN3,
EIL1, and ERF1) during P. parasitica infection further corrob-
orated these findings. Transcript levels of these markers
were reduced in atx71-7 and increased in rd19c-1 compared
with Col-0. Importantly, their expression in rd19c-1/atx1-1
was lower than that in rd79c-1, indicating that AtRD19C acti-
vates ET signaling through AtATX1 (Figure 5j).

Our findings reveal that AtRD19C regulates the ET sig-
naling pathway by modulating AtATX1 stability, mediating
plant defense responses. This regulatory mechanism
underscores the interplay between vacuolar proteases,
copper chaperones, and ET signaling in plant immunity.

RD19C and ATX1 are conserved in immune functions
across distant plant species

To assess the conservation of RD19C and ATX1 in immune
functions across plant species, we identified homologous
proteins of AtRD19C in A. thaliana, N. benthamiana, and
Solanum tuberosum. Using the TAIR (https://www.
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Figure 2. AtRD19C vacuolar localization and protease activity are critical for its susceptibility function.

(a) Subcellular localization of AtRD19C***A-GFP in N. benthamiana leaves at three dpa analyzed by confocal microscopy. y-TIP-mCherry served as a vacuole
marker. Fluorescence intensity profiles along the arrows are shown. Scale bar = 30 um.

(b, ¢) N. benthamiana leaves infiltrated with A. tumefaciens carrying AtRD19C***4-GFP, AtCRD19C-GFP, or Flag-GFP were inoculated with 800 P. parasitica zoo-
spores. Lesion diameters were measured at 60 hpi. NbActin and PpWS041 served as internal standards for N. benthamiana and P. parasitica, respectively. Geno-

mic DNA was extracted from samples with ten leaves at 2.5 dpi per replicate.

(d-f) Representative image (d), disease severity assessment (e), and P. parasitica biomass (f) of lesions in Col-0, AtRD19C overexpression (OE) line, and

AtRD19C™™ overexpression (OE) lines at three dpi with P. parasitica.

(g-i) Representative images (g), disease severity assessment (h), and P. parasitica biomass (i) after E64 treatment. Leaves from 4-week-old AtRD79C-OE48 and
Col-0 plants were treated with 40 uM E64 or dH,0 as a mock treatment. Scale bars = 1 cm. Statistical significance was determined using Student’s t-test for
lesion diameter and biomass analysis and Wilcoxon-Mann-Whitney test for disease severity assessment. *P < 0.05, **P < 0.01, ***P < 0.001.

arabidopsis.org/), Sol Genomics Network (https://
solgenomics.net/), and NCBI (https://www.ncbi.nIm.nih.
gov/) databases, we constructed a phylogenetic tree for the
cysteine protease C1A family using MEGA 7. Orthologous
genes of AtRD19C were identified as NbRD19C (including
NbRD19CA and NbRD19CB) in N. benthamiana and
StRD19Cin S. tuberosum (Figure S11).

To examine the immune function of NbRD19C, we
performed virus-induced gene silencing (VIGS) in N.
benthamiana. RT-qPCR analysis confirmed a 90% reduc-
tion in NbRD19C transcript levels in TRV-NbRD19C plants
compared with TRV-GFP controls (Figure S12c). Silenced
NbRD19C leaves displayed enhanced resistance to P.
parasitica without any observable differences in growth
phenotypes (Figure S12a,b,d). These findings suggest
that NbRD19C negatively regulates immunity in N.
benthamiana, consistent with the role of AtRD19C in A.
thaliana.

In S. tuberosum, we generated StRD19C-RNAi (RNAI-
1, 2, and 6) and StRD19C-overexpression (OE1, 2, and 6)
transgenic lines in the Atlantic cultivar background. RT-
gPCR analysis revealed significantly reduced (>90%) tran-
script levels in all RNAIi lines, while the overexpression
lines exhibited 4- to 10-fold higher StRD19C expression
compared with control Atlantic plants (Figure S13a,b). No
growth phenotype differences were observed between
StRD19C transformants and GFP controls (Figure S13c).
Infection assays with P. infestans revealed increased resis-
tance in RNAI lines and decreased resistance in OE lines,
as indicated by lesion diameters and pathogen coloniza-
tion (Figure 6a—c). These results demonstrate that StRD79C
negatively regulates immunity to P. infestans in S. tubero-
sum. Additionally, StRD19C localizes to the vacuole, simi-
lar to AtRD19C (Figure S14a,b), supporting conserved
functionality between A. thaliana and S. tuberosum.

To investigate whether the interaction between RD19C
and ATX1 is conserved in S. tuberosum, we identified
StATX1 as the ortholog of AtATX1. Co-IP experiments con-
firmed that StRD19C-GFP could immunoprecipitate StATX1-
mCherry, indicating their interaction in N. benthamiana
(Figure 6d). Additionally, co-expression assays revealed that
StATX1-mCherry protein levels were significantly reduced
when co-expressed with StRD19C-GFP compared with the

Flag-GFP control (Figure 6e), demonstrating the conserved
degradation of ATX1 by RD19C.

To confirm the role of StATX7 in plant defense, we
transiently expressed StATX1-mCherry or Flag-GFP (con-
trol) in N. benthamiana leaves, followed by infection
assays. Leaves expressing StATX7 exhibited significantly
smaller lesions and reduced P. parasitica colonization com-
pared with controls (Figure 6f-h), indicating that StATX1
positively regulates immunity. Taken together, these find-
ings demonstrate that StRD19C and StATX1 perform func-
tions similar to their orthologs in A. thaliana, suggesting
that the immune roles of RD19C and ATXT are conserved
across distant plant species.

DISCUSSION

Papain-like cysteine proteases (PLCPs) are pivotal regula-
tors of plant immunity, characterized by their broad sub-
strate specificity, diverse subcellular localizations, and
tightly controlled activation and inactivation mechanisms
(Misas-Villamil et al., 2016). Studies on PLCPs in plant
immunity have primarily explored two mechanisms (Zie-
mann et al., 2018): (1) the generation of immune-
regulating peptides from host or pathogen precursors, as
seen in Zea mays apoplast PLCPs producing Zip1 to acti-
vate the SA signaling pathway (Ziemann et al., 2018), or
vacuolar PLCPs facilitating cyclotide production (Rehm
et al., 2019), and others (Chen et al., 2023; Liu, Shi,
et al., 2023), (2) the targeting and proteolytic cleavage of
specific immune-related substrates, such as AtXCP1,
reducing RBOHD abundance to regulate PTI (Liu et al.,
2023). While these roles highlight the versatility of PLCPs
in immunity, their substrate selection mechanisms and
broader functional landscapes remain incompletely
understood.

AtRD19C is a member of the RD19A-like subfamily,
and its role in plant immunity has not been previously
reported clearly. Here, we identify AtRD19C as a
vacuole-localized PLCP that participates in immunity and
the ethylene (ET) signaling pathway by degrading AtATX1
(Figure 7). Our findings demonstrate that AtRD19C nega-
tively regulates resistance to P. parasitica in A. thaliana
(Figure 1). The vacuole, a critical organelle for develop-
mental regulation, metabolism, and defense against biotic
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Figure 3. Interaction of AtRD19C with AtATX1.

(a) Split-luciferase assay showing interactions between AtRD19C and AtATX1. AtRD19C-nLuc was co-expressed with cLuc-AtATX1 or cLuc-positive, and positive-
nLuc was co-expressed with cLuc-AtATX1. AtRaf36-nLuc and cLuc-AtMKK2 served as positive controls. Fluorescence intensity was recorded at three dpa using a
CCD camera. A representative image is shown (n = 3).

(b) Co-immunoprecipitation assay showing AtATX1-mCherry pulled down by AtRD19C-GFP in N. benthamiana leaves. Total protein extracted at 72 hpi was cap-
tured with GFP-Trap beads and detected by Western blot using an anti-mCherry antibody.

(c) In vitro pull-down assay. 6 x His-AtATX1 and GST-AtRD19C were expressed in E. coli and co-incubated. Co-precipitation was detected via Western blot using
anti-His and anti-GST antibodies.

(d) Concanamycin A (Con A) treatment causes AtATX1-mCherry to accumulate in vacuolar puncta. Roots of 7-day-old seedlings expressing AtATX1-mCherry
were treated with 1 uM Con A for 24 h. Mock treatment used 1% DMSO.

(e, f) In vivo protein stability of AtATX1. Lane 1-3: AtATX1-mCherry co-expressed with AtRD19C-GFP, AtRD19CEM-GFP, or Flag-GFP in N. benthamiana leaves.
Lane 4-9: Infiltrated leaves treated with E64 or dH,0 at 36 hpa; protein was extracted at 60 hpa for Western blotting. Protein levels were quantified using ImageJ
(mean 4 SD, n=3).

(g, h) Semi-in vitro protein stability of AtATX1. 6 x His-AtATX1 was co-incubated with crude protein extracts from AtRD19COE48, rd19c-1, or Col-0 leaves con-
taining active PLCPs. Samples were collected at indicated time points (0, 20, 40 min) and analyzed by anti-His Western blot. PLCP activity was inhibited by E64
as a control. Protein levels were quantified using ImageJ (mean + SD, n = 3).
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Figure 4. AtATX1 plays an important role in plant immunity to Phytophthora downstream of AtRD19C.

(a—c) Representative image (a) and disease severity assessment (b) and P. parasitica biomass (c) of lesions in the atx7 mutants, AtATX71-OE lines, and wild-type
Col-0.

(d-f) Representative image (d) and disease severity assessment (e) and biomass (f) of P. parasitica lesions in wild-type Col-0, atx1-1, rd19c-1, and rd19c-1/atx1-1.
Experiments were performed as shown in Figure 1 (a—). *P < 0.05, **P < 0.01, ***P < 0.001.

stresses (Hatsugai & Hara-Nishimura, 2010; Madina show that the vacuolar localization and protease activity of

et al., 2019), hosts numerous hydrolases, including cyste-
ine proteases, which facilitate the breakdown of cellular
components and specific proteins (Tan et al., 2019). We

AtRD19C are essential for its immune functions (Figure 2).
LC-MS/MS screening identified AtATX1 as a substrate of
AtRD19C (Figure 3), with subsequent assays confirming
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Figure 5. Activation of the ethylene pathway is required for rd79c-7 and AtATX1 to enhance plant resistance to P. parasitica.

(a—c) Images (a), disease severity assessment of the infected leaves (b), and P. parasitica biomass (c) after treatment with Triplin. The leaves of 4-week-old AtAT-
X10E5 and Col-0 plants were treated with 50 pM Triplin, using 1% DMSO as a mock treatment.

(d-f) Images (d), disease severity assessment of the infected leaves (e), and P. parasitica biomass (f) after treatment with Triplin. The leaves of 4-week-old rd19c-

1and Col-0 plants were treated with 50 pM Triplin.

(g-i) Images (g), disease severity assessment (h), and P. parasitica biomass (i) of lesions in the AtATX10ES5, rd19c-1, wild-type Col-0, rd19c-1/etr1-1, AtATX10E5/

etr1-1, and etri1-1 lines.

(j) ET signaling pathway marker genes expression in wild-type Col-0, atx7-1, rd19c-1 single mutants, and rd19c-1/atx1-1 by RT-qPCR at different times post-
inoculation. RT-gPCR data are presented as relative transcript levels for genes: We tested three marker genes, and AtUBC9 was used as an internal control. Sta-
tistical significance was assessed by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

that AtRD19C degrades AtATX1 in an enzymatic activity-
dependent manner (Figure 3e-h). This vacuolar mecha-
nism underscores how AtRD19C modulates plant defense
by regulating AtATX1 abundance.

AtATX1 is a copper chaperone with a conserved Cu-
binding motif (Mira, Vilar, et al., 2001). It plays roles in main-
taining copper homeostasis and delivering copper ions to
ethylene receptors for signaling. Previous studies have
shown that AtATX1 is critical for Cu tolerance under excess
or deficiency (Mira, Martinez-Garcia, & Penarrubia, 2001)
and is the primary copper donor for the ethylene receptor
ETR1 (Hoppen et al., 2019; Li et al., 2017). Ethylene is a key
phytohormone involved in resistance to Phytophthora path-
ogens (Li, Li, et al., 2023; Yang et al., 2019). We hypothesize
that AtATX1 contributes to plant defense by activating the
ET signaling pathway, a hypothesis supported by the obser-
vation that the resistance of ATX70E plants to Phytophthora
depends on the activation of ETR1 (Figure 5). Additionally,
RT-gPCR results indicate that AtRD79C uses AtATX1to regu-
late the ET pathway, modulating plant resistance to Phy-
tophthora (Figure 5).

QOur study further demonstrates that StRD79C and
StATX1 exhibit conserved immunological roles in both A.
thaliana and S. tuberosum. Notably, StRD19C degrades
StATX1 in a manner analogous to its function in Arabidop-
sis (Figure 6d-e), suggesting conservation of the RD19C-
ATX1 immune pathway across species. Importantly, RNAI
silencing of StRD19C did not result in significant changes
in growth phenotypes (Figure S14c), highlighting its poten-
tial application in breeding for improved late blight resis-
tance in potato cultivation (Zhang et al., 2023).

In summary, we propose that RD19C negatively regu-
lates plant immunity to Phytophthora by modulating the
accumulation of the copper chaperone ATX1. This study
presents a novel model in which PLCPs mediate the degra-
dation of endogenous substrates via a vacuolar mecha-
nism to influence hormone signaling and defense
responses. Our findings provide new insights into the reg-
ulatory roles of PLCPs in plant immunity through proteo-
lytic cleavage.

Host-pathogen interactions often involve modulation
of plant immunity by altering the protein abundance (Li,
Luo, et al., 2023; Zhang et al., 2014), transcript levels (Clark
et al., 2018), or enzymatic activity (Bar-Ziv et al., 2015; Clark

et al., 2018; Lozano-Torres et al., 2012; Pérez-Lopez
et al., 2021; Shabab et al., 2008; van der Linde et al., 2012).
We hypothesize that RD19C is subject to similar regulatory
mechanisms. Future research will aim to identify upstream
regulators of RD19C, further elucidate the RD19C-ATX1
pathway, and uncover mechanisms underlying plant resis-
tance to Phytophthora.

EXPERIMENTAL PROCEDURES
Plants and growth conditions

The wild-type, mutant, and transgenic lines of A. thaliana were
all in the Col-0 background. The T-DNA insertion mutants, atx7-
1 (SALK_021013C) and atx7-2 (SALK_026221C), were acquired
from AraShare (https:/www.arashare.cn/index/). The rd19c-
1/atx1-1 double mutant was generated by crossing the single
mutants. The rd19c-1, rd19c-2, AtATX10E5/etr1-1, rd19c-1/etr1-1,
etr1-1,  pro35S::AtRD19C,  proAtRD19C::AtRD19C,  pro35S::
AtRD19C™™, pro35S::AtATX1, and pro35S::AtATX1-mCherry were
generated via floral dip-mediated transformation (Zhang
et al., 2006) and selected on half-strength Murashige and Skoog
(1/2 MS) plates with appropriate antibiotics. CRISPR/Cas9-edited
mutants were identified through PCR amplification and DNA
sequencing.

The silenced and overexpressed stable transgenic lines of S.
tuberosum were developed in the Atlantic cultivar genetic back-
ground using the Agrobacterium tumefaciens-mediated transfor-
mation method (Sun et al., 2016). These lines were screened on
Murashige and Skoog Basal Medium with Vitamins (M519) sup-
plemented with the appropriate antibiotics.

A. thaliana, N. benthamiana, and S. tuberosum plants were
grown under 11-h light/24-h dark cycles at 23°C.

Vector construction

For pro35S::AtRD19C and pro35S::AtATX1, the full-length coding
sequences of AtRD19C and AtATX1 were amplified from Col-0
c¢DNA using gene-specific primers and inserted between the Xhol
and Xbal sites of the PAPK vector (Gleave, 1992; Gou et al., 2022).
For pro35S::AtRD19C-GFP and pro35S::AtATX1-mCherry, the CDS
of AtRD19C was cloned into the pART27-GFP vector at the Xhol
site, and the CDS of AtATX1 was inserted between the Xhol and
EcoRl sites of the pART27-mCherry vector (Fan et al., 2018). For
pro35S::StRD19C, StRD19C (PGSC0003DMT400009507) was ampli-
fied from the cDNA of the potato Atlantic cultivar and inserted
between the Xhol and Xbal sites of the PAPK vector. For the
AtRD19C complementation construct, full-length AtRD19C was
amplified from Col-0 ¢cDNA, and the native promoter region
was amplified from Col-0 DNA and cloned into the PAPK vector
with Scal and Xbal sites.
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In LCI assays, the CDS of AtRD19C and AtATX1 were cloned To generate rd79c mutants, two 20-bp sequences targeting
into the pCAMBIA1300-NLuc or pCAMBIA1300-CLuc vectors using AtRD19C (sgRNA1 and sgRNA2) were designed using CRISPR-P
the Kpnl and Sall sites (Zhou et al., 2018). 2.0 (http://crispr.hzau.edu.cn/CRISPR2/) and inserted into the
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Figure 6. In distantly related plant species, the immune function of RD19C is conserved.

(a—c) Image (a), lesion diameters (b), and biomass (c) of P. infestans lesions of the StRD19C RNAi and overexpression (OE) transgenic lines and GFP transgenic
line after inoculation with P. infestans zoospores. StEF 1o and PiActin were used as the internal standards for S. tuberosum and P. infestans. Scale bars = 1 cm.
Significance was assessed by Student’s t-test for lesion diameter and biomass analysis.

(d) Co-immunoprecipitation of StATX1 by StRD19C. StRD19C-GFP was co-expressed with StATX1-mCherry in N. benthamiana leaves, and the total protein was
extracted at 72 hpi. Protein complexes were pulled down using GFP-Trap beads, and the captured proteins were detected by Western blot using anti-mCherry
antibody.

(e) StRD19C affects the protein abundance of StATX1 in a concentration-dependent manner. To perform transient co-expression, Agrobacterium tumefaciens
suspensions carrying StRD19C-GFP or Flag-GFP constructs were adjusted to ODggo values of 0.1, 0.3, or 0.5, respectively, and mixed with that carrying StATX1-
mCherry constructs (ODggo = 0.1). The StATX1-mCherry protein levels were quantified by Western blot analysis.

(f-h) The immune function of StATX1 is conserved in S. tuberosum. Images (f), lesion diameters (g), and biomass of P. parasitica (h) in N. benthamiana leaves
infiltrated with Agrobacterium tumefaciens carrying StATX1-mCherry and Flag-GFP. Experiments were performed as described in Figure 2 (b, c). *P < 0.05,

**P < 0.01, ***P < 0.001.
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Figure 7. RD19C targets and destabilizes the ATX1 protein.
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The model shows that a copper chaperone protein, ATX1, activates the ET signaling pathway through the ethylene receptor (ETR1) by copper ion transport,
leading to enhanced plant resistance (b, in rd79¢ mutant plants), while the papain-like cysteine protease, RD19C, which targets and modulates the degradation
of ATX1, suppresses the ET signaling pathway and interferes with plant immunity (a, in RD19C OE plants).

pKI1.1R binary vector at the Aarl site (Tsutsui & Higashiyama,
2017). The etr1-1 mutant was constructed similarly.

For semi-in vitro assays, AtATX1 was cloned into the pET32a
vector using the Ncol and Xhol sites, while AtRD19C was cloned
into the pGEX-6p-1 vector using BamHI and Xhol.

Primers used in this study are listed in Table S1.

VIGS in N. Benthamiana

The method followed Senthil-Kumar and Mysore (2014). Two
sequences, designated NbRD19CA (Niben101Scf01701g00013.1) and
NbRD19CB (Niben101Scf06228902005.1), were identified. Due to
high sequence similarity, both were co-silenced. A. tumefaciens
GV3101 carrying TRV1and TRV2-NbRD19C, TRV2-PDS, or TRV2-GFP
was adjusted to ODggp = 0.3. TRV2-PDS was used to indicate silenc-
ing. At least 10 plants were used for silencing NbRD19C or GFP. VIGS
was performed on 3-week-old N. benthamiana, followed by RT-qPCR
and P. parasitica infection assays 2 weeks post-treatment.

Inoculation assay

P. parasitica strain Pp016 and P. infestans strain 88069 were used.
Pathogen culturing, zoospore production, and infection assays

followed previous studies (Li et al., 2020; Wang et al., 2011).
Infected A. thaliana leaves were classified into five grades based
on infected area: Grade 1: hardly infected; Grade 2: lesion
radius <1/4 of the leaf radius; Grade 3: lesion radius between 1/4
and 1/2 of the leaf radius; Grade 4: lesion radius >1/2-3/4 of the
leaf radius; Grade 5: entire leaf infection.

RT-gPCR

Specific primers were used in 20 pL reactions with SYBR Green
mix (CWBio) on a LightCycler 480 (Roche, Basel, Switzerland).
Three biological replicates were included. Relative gene expres-
sion was calculated using the 272" method with housekeeping
genes as references: PpWS041 for P. parasitica, AtUBC9 for A.
thaliana, NbActin for N. benthamiana, PiActin for P. infestans, and
StEF 1y for S. tuberosum.

Transient expression in N. Benthamiana

As described in a previous study (Li et al., 2022), A. tumefa-
ciens GV3101 transformed with each construct was cultured
overnight in Luria-Bertani broth with antibiotics at 28°C. Cells
were resuspended in infiltration buffer at ODgy = 0.1-0.5 and
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incubated for 1-3 h at room temperature before infiltration.
Assays were performed 2.5 days post-transient expression in
N. benthamiana.

LCI assay

To perform the LCl assay, Agrobacterium tumefaciens GV3101
cells harboring the designated plasmids were infiltrated into Nico-
tiana benthamiana leaves for transient expression. After 2.5 days,
luciferase substrate (Promega) was applied uniformly to the
agroinfiltrated regions. Leaves were subjected to 5-10 min of dark
treatment, and in vivo imaging was conducted using the Plant-
View100 system.

Co-IP assay

Protein extraction followed a previously described method (Li, Liu,
et al., 2024). Total protein extracts were incubated with GFP Trap
A beads (Chromotek) at 4°C for 4 h. For immunoblot analysis, the
following antibodies were used: Mouse anti-mCherry antibody
(ABclonal), Rabbit anti-GFP antibody (ABclonal), horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG (L) antibody
(ABclonal), and HRP-conjugated goat anti-rabbit IgG (L)
antibody (ABclonal).

GST pull-down

Plasmids including pGEX-6P-1, pGEX-6P-1-AtRD19C, and
pET32a-AtATX1 were expressed in E. coli BL21. The proteins
GST, GST-tagged AtRD19C, and His-tagged AtATX1 were pro-
duced under the conditions of 18°C, 120 rpm, and 1 mM
isopropyl-f-b-thiogalactopyranoside (IPTG) for 16 h. The bacterial
cells were pelleted, lysed, and the soluble proteins were col-
lected. GST and GST-AtRD19C were incubated with 30 uL GST
magnetic beads (Thermo Fisher Scientific) at 4°C for 2 h. After
three washes, the beads were further incubated with His-tagged
AtATX1 at 23°C for 1h, followed by additional washing and
boiling for 10 min. The denatured proteins were subjected to
Western blot analysis.

In vivo and semi-in vitro protein degradation

For the in vivo assay, AtRD19C-GFP, AtRD19CE™-GFP, or Flag-GFP
was co-expressed in N. benthamiana leaves with AtATX1-mCherry
using A. tumefaciens-mediated transient expression. E64 or dis-
tilled water (dH,O) was infiltrated into leaves at 36 h post-
agroinfiltration (hpa). Total protein was extracted at 60 hpa and
analyzed by Western blotting.

For the semi-in vitro protein degradation assays were per-
formed using soluble crude extracts were used. Recombinant
6 x His-ATX1 protein was incubated with extracts at 23°C, and
samples were collected at various time points. Protein samples
were precipitated with acetone and resolved in 8 M urea.
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