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Abstract
Plants produce a burst of reactive oxygen species (ROS) after pathogen infection to successfully activate immune responses. 
During pattern-triggered immunity (PTI), ROS are primarily generated by the NADPH oxidase RESPIRATORY BURST OXIDASE 
HOMOLOG D (RBOHD). RBOHD is degraded in the resting state to avoid inappropriate ROS production; however, the enzyme 
mediating RBOHD degradation and how to prevent RBOHD degradation after pathogen infection is unclear. In this study, we 
identified an Arabidopsis (Arabidopsis thaliana) vacuole-localized papain-like cysteine protease, XYLEM CYSTEINE PEPTIDASE 
1 (XCP1), and its inhibitor CYSTATIN 6 (CYS6). Pathogen-associated molecular pattern-induced ROS burst and resistance were 
enhanced in the xcp1 mutant but were compromised in the cys6 mutant, indicating that XCP1 and CYS6 oppositely regulate 
PTI responses. Genetic and biochemical analyses revealed that CYS6 interacts with XCP1 and depends on XCP1 to enhance PTI. 
Further experiments showed that XCP1 interacts with RBOHD and accelerates RBOHD degradation in a vacuole-mediated 
manner. CYS6 inhibited the protease activity of XCP1 toward RBOHD, which is critical for RBOHD accumulation upon patho
gen infection. As CYS6, XCP1, and RBOHD are conserved in all plant species tested, our findings suggest the existence of a 
conserved strategy to precisely regulate ROS production under different conditions by modulating the stability of RBOHD.
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Introduction
Plants have developed 2-tiered innate immune responses 
to fight pathogens (Ngou et al. 2022). The first tier is 
pattern-triggered immunity (PTI), which is initiated by 
membrane-associated pattern recognition receptors (PRRs) 
via recognition of pathogen-associated molecular patterns 
(PAMPs), including bacterial flagellin (represented by flg22) 
and elongation factor Tu (represented by elf18) (Chinchilla 
et al. 2006; Zipfel et al. 2006a; Bigeard et al. 2015). PTI responses 
include transient production of reactive oxygen species (ROS) 
and a transient spike in calcium levels, phosphorylation of 

MITOGEN-ACTIVATED PROTEIN KINASEs (MAPKs or 
MPKs), accumulation of defense-related phytohormones, 
and induction of defense-related genes (Bigeard et al. 2015). 
Some pathogen effectors can repress PTI (Khan et al. 2018), 
and plant intracellular NUCLEOTIDE-BINDING LEUCINE- 
RICH REPEAT (NB-LRR) proteins can recognize pathogen 
effectors, which leads to the second layer of plant immune 
responses, called effector-triggered immunity (ETI) (Martel 
et al. 2021). A recent study suggested the existence of an intri
cate interaction between PTI and ETI (Yuan et al. 2021).

The ROS burst is a conserved signaling output in response 
to biotic and abiotic stresses that is precisely controlled to 
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activate defense responses without causing detrimental ef
fects to plants (Kadota et al. 2015; Mittler 2017; Waszczak 
et al. 2018; Lee et al. 2020). During PTI, the ROS burst is pri
marily produced by the NADPH oxidase RESPIRATORY 
BURST OXIDASE HOMOLOG D (RBOHD), a membrane- 
localized protein containing 6 conserved transmembrane 
domains in the middle with its N and C termini in the intra
cellular cytosol (Miller et al. 2009). Phosphorylation plays a 
critical role in regulating RBOHD activity and stability. 
Upon PAMP perception, the plasma membrane-associated 
kinase BOTRYTIS-INDUCED KINASE 1 (BIK1) is activated 
by the PRR complex to phosphorylate RBOHD (Kadota 
et al. 2014). Moreover, calcium burst activates CALCIUM- 
DEPENDENT PROTEIN KINASEs (CPKs), which also play a 
role in RBOHD phosphorylation (Kimura et al. 2020). These 
enzymes phosphorylate RBOHD at different sites to enhance 
ROS production (Kadota et al. 2014; Kimura et al. 2020). The 
receptor-like cytoplasmic kinase AvrPphB SUSCEPTIBLE1- 
LIKE 13 (PBL13) also phosphorylates RBOHD, resulting in en
hanced RBOHD ubiquitination by PBL13-INTERACTING 
RING DOMAIN E3 LIGASE (PIRE); RBOHD is then degraded 
in a vacuole-mediated manner to ensure that only an appro
priate amount of RBOHD is located at the plasma membrane 
in the resting state (Lee et al. 2020). However, the enzyme in 
the vacuole responsible for RBOHD degradation and the 
mechanism through which plants suppress RBOHD degrad
ation upon pathogen infection remains unknown.

Numerous proteases localize in the vacuole to promote 
protein degradation, among which PAPAIN-LIKE CYSTEINE 
PROTEASES (PLCPs) are prominent (Van der Hoorn 2008). 
PLCPs cleave specific proteins using their catalytic cysteine 
residues and play crucial roles in plant–pathogen interac
tions (Shindo and Van der Hoorn 2008). For example, 
PHYTOPHTHORA-INHIBITED PROTEASE 1 (PIP1) and 
REQUIRED FOR CLADOSPORIUM FULVUM RESISTANCE 3 
(RCR3) in tomato (Solanum lycopersicum) activate the sali
cylic acid–mediated defense pathway (Ilyas et al. 2015); 
RESPONSIVE TO DEHYDRATION 21A (RD21A) is required 
for drought-induced resistance to Pseudomonas syringae in 
Arabidopsis (Arabidopsis thaliana) (Liu et al. 2020). XYLEM 
CYSTEINE PEPTIDASE 2 (XCP2) enhances susceptibility to 
Ralstonia solanacearum in Arabidopsis (Zhang et al. 2014). 
Owing to their important roles in plant defense, PLCPs 
have been identified as targets of pathogen effectors (Clark 
et al. 2018; Misas Villamil et al. 2019).

Cystatins are naturally occurring PLCP inhibitors that also 
regulate plant immune responses (Van Wyk et al. 2016). For 
example, CYSTATIN GENE FROM FRAGARIA (Cyf1) exhibits 
antifungal activity in strawberry (Fragaria × ananassa) 
(Martinez et al. 2005b), and Arabidopsis CYSTATIN 1 
(CYS1) inhibits cell death during ETI (Belenghi et al. 2003). 
Typically, cystatins inhibit the activities of specific PLCPs to 
modulate immunity. For example, TcCYS4 in cocoa 
(Theobroma cacao) plays a role in Moniliophthora perniciosa 
infection via interaction with the cysteine protease 
TcCYPR04 (Cardoso et al. 2015). In addition, the cystatin 

CORN CYSTATIN 9 (CC9) in maize (Zea mays) suppresses 
defense against Ustilago maydis by inhibiting apoplastic 
PLCPs (Van der Linde et al. 2012). However, to date, target 
PLCPs of most cystatins remain unidentified.

Arabidopsis contains 7 cystatins and 31 PLCPs (Martinez 
et al. 2005a; Liu et al. 2018). In this study, we demonstrate 
that CYS6 promotes plant pathogen resistance by regulating 
PTI. Through protein interaction assays and genetic comple
mentation assays, we identified the vacuole-localized protein 
XCP1 as the PLCP functioning downstream of CYS6. 
Furthermore, we show that XCP1 is the enzyme that desta
bilizes RBOHD in a vacuole-dependent manner and is inhib
ited by CYS6. Abolishing the function of CYS6 prevented 
PAMP-triggered RBOHD accumulation, indicating that 
CYS6 plays a critical role in stabilizing RBOHD upon patho
gen infection. These results suggest that XCP1 is the enzyme 
in the vacuole that promotes RBOHD degradation in the 
resting state and is inhibited by CYS6 to enhance ROS pro
duction upon pathogen infection. These findings fill the 
gaps in our knowledge about the regulation of RBOHD 
stability.

Results
CYS6 mediates plant defenses against both the 
hemibiotroph Psm ES4326 and the necrotroph 
Botrytis cinerea
Cystatins are important regulators of plant defenses against 
pathogens (Lima et al. 2015). To investigate the key basal 
defense-related cystatin(s) in Arabidopsis, we compared 
the resistance of wild type (WT) and knockout or knock
down mutants of all Arabidopsis CYS genes to P. syringae 
pv. maculicola ES4326 (Psm ES4326). Among them, the 
cys6 mutant displayed a hypersensitive phenotype to Psm 
ES4326 (Supplemental Fig. S1). Compared with WT, the 
cys6 mutant exhibited extensive chlorosis and allowed 
22.4-fold greater growth of Psm ES4326 and 7.2-fold higher 
growth of Pst DC3000 at 3 d after pathogen inoculation 
(Fig. 1, A and B; Supplemental Fig. S2). To demonstrate 
that CYS6 positively regulates plant defense against Psm 
ES4326, we generated another cys6 mutant using clustered 
regularly interspaced short palindromic repeat (CRISPR)/ 
CRISPR-associated nuclease 9 (Cas9)-mediated genome 
editing. We identified a successfully edited cys6 mutant, 
named cys6-2, with a 1 bp insertion leading to the intro
duction of a premature stop codon and early termination 
of translation (Supplemental Fig. S2). As with the first 
cys6 mutant tested, the cys6-2 mutant was hypersensitive 
to Psm ES4326 and Pst DC3000 infection (Fig. 1, C and D; 
Supplemental Fig. S2).

We wondered whether CYS6-mediated defense is specific 
to Psm ES4236 or acts against multiple pathogens. As Psm 
ES4326 is a hemibiotroph, we chose a necrotroph, B. cinerea, 
to test whether CYS6 also enhances plant defense against 
other pathogens. Indeed, B. cinerea caused larger lesions on 
the leaves of cys6 than on those of WT (Fig. 1E). The mean 
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lesion areas of WT and cys6 were 0.25 and 0.37 cm2, respect
ively (Fig. 1F). We also detected pathogen accumulation by 
quantifying the number of copies of BcACTIN in leaves, using 
Arabidopsis ACTIN1 for normalization; compared with WT, 
the cys6 mutant had a higher amount of pathogen genomic 
DNA (Fig. 1G). We obtained similar results with the cys6-2 
mutant, confirming that CYS6 positively regulates plant de
fense against B. cinerea (Fig. 1, H to J). As cys6 and cys6-2 mu
tants showed similar phenotypes, we only used cys6 in 
subsequent experiments.

To further confirm that CYS6 positively regulates plant de
fense, we created a construct that expresses CYS6 under the 
control of the cauliflower mosaic virus (CaMV) 35S promoter 
and transformed it into WT. We chose 2 35S:CYS6 transgenic 
lines to determine whether the overexpression of CYS6 
enhanced plant defenses against pathogens. The CYS6- 
overexpressing lines indeed showed higher resistance to 
Psm ES4326 and B. cinerea than WT (Supplemental Fig. S3). 
These results indicated that CYS6 mediates broad-spectrum 
defenses against plant pathogens.

CYS6 depends on its PLCP inhibitor activity 
to positively regulate PTI
Based on the above findings, we hypothesized that CYS6 may 
regulate PTI, which mediates plant defenses against both bio
trophs and necrotrophs. elf18 is a PAMP that induces typical 
PTI responses in plants, including enhanced pathogen resist
ance, phosphorylation of MPK3 and MPK6, ROS burst, and 
the induction of PTI-related genes (Bigeard et al. 2015). To 
test our hypothesis, we infiltrated elf18 into the leaves of 

3-wk-old WT and cys6 plants and measured their PTI re
sponses. As shown in Fig. 2A, elf18 treatment induced dra
matic resistance against Psm ES4326 in WT, whereas 
resistance was significantly attenuated in the cys6 mutant. 
Moreover, we determined that PAMP-triggered phosphoryl
ation of MPK3 and MPK6 and ROS burst are also compro
mised in the cys6 mutant (Fig. 2, B to D). Interestingly, the 
induction of PAMP-responsive genes, such as WRKY29 and 
WRKY33, was comparable between WT and cys6, indicating 
that CYS6 mainly functions at the protein level to regulate 
PTI (Fig. 2E; Supplemental Fig. S4). To further confirm the 
PTI-deficient phenotypes of the cys6 mutant, we used a non
virulent pathogen, P. syringae pv tomato (Pst) DC3000 hrcC 
(D’Ambrosio et al. 2017), and another PAMP, flg22. We de
tected a higher amount of pathogen genomic DNA in the 
cys6 mutant than in WT after hrcC infection, confirming 
the negative role of CYS6 in PTI (Supplemental Fig. S5). 
Although flg22-induced resistance against Psm ES4326 was 
not inhibited in the cys6 mutant, flg22-triggered phosphoryl
ation of MPK3 and MPK6 and ROS burst were partially de
pendent on CYS6 (Supplemental Fig. S6). Overall, these 
findings indicate that CYS6 is required for the complete ac
tivation of PTI responses.

CYS6 exhibits PLCP inhibitor activity (Zhang et al. 2008); 
accordingly, we asked whether the regulation of PTI by 
CYS6 is dependent on its protease inhibitor activity. To an
swer this question, we created CYS6m, a point mutant vari
ant of CYS6 that may affect its protease inhibitor activity 
according to a previous report (Fig. 3A) (Tremblay et al. 
2019). As anticipated, the addition of the commercial PLCP 

Figure 1. CYS6 enhances plant resistance to broad-spectrum pathogens. A) and C) Representative leaves of 3-wk-old WT, cys6 A), and cys6-2 C) 
after Psm ES4326 (OD600 nm = 0.0001) infection at 3 d postinoculation (dpi). B) and D) Bacterial titer after Psm ES4326 infection in WT, cys6 B), and 
cys6-2 D). cfu, colony forming unit. E) Representative leaves of 3-wk-old WT and cys6 mutant after B. cinerea (1 × 105 spores/mL) infection at 40 h 
postinoculation (hpi). F) and G) Lesion sizes caused by B. cinerea on leaves of WT and the cys6 mutant as measured with ImageJ F) and quantification 
of B. cinerea biomass, based on RT-qPCR analysis of genomic DNA from diseased leaves for BcACTIN with AtACTIN1 as a reference G). H) 
Representative leaves of 3-wk-old WT and the CRISPR/Cas9-generated cys6-2 mutant after B. cinerea (1 × 105 spores/mL) infection at 40 hpi. I) 
and J) Lesion sizes caused by B. cinerea on leaves of WT and the cys6-2 mutant as measured with ImageJ I) and quantification of B. cinerea biomass, 
based on RT-qPCR analysis of genomic DNA from diseased leaves for BcACTIN with AtACTIN1 as a reference J). Significant differences relative to WT 
were detected using Student’s t test. Data are shown as means ± SD (n = 8 for B) and D); n = 24 for F) and I); n = 3 for G) and J)). *P < 0.01; 
***P < 0.001; ****P < 0.0001.
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inhibitor E64 or in vitro-produced glutathione S-transferase 
(GST)-CYS6 inhibited the protease activity of papain (Fig. 3B; 
Supplemental Fig. S7). However, the same amount of 
GST-CYS6m or GST exerted no effect on the protease activity 
of papain (Fig. 3B). To explore the requirement of CYS6 pro
tease inhibitor activity for PTI in planta, we generated trans
genic lines overexpressing CYS6 or CYS6m from the 35S 
promoter in the cys6 mutant background. We chose 2 inde
pendent lines for each construct and determined the gene 
expression levels of CYS6 and CYS6m (Fig. 3C). We observed 
that CYS6 overexpression largely restores the elf18-induced 
plant resistance to Psm ES4326 that is defective in cys6; how
ever, the levels of induced resistance observed in the CYS6m 
transgenic lines were comparable with those in the cys6 

mutant (Fig. 3D). Collectively, these data demonstrate that 
CYS6 acts as a PLCP inhibitor to promote PTI responses.

CYS6 interacts with XCP1 in the vacuole
PLCPs are known target proteases of cystatins (Van Wyk et al. 
2016). To investigate the molecular mechanism underlying 
the CYS6-mediated regulation of PTI, we employed a 
split-luciferase complementation assay to screen for PLCPs 
that can interact with CYS6 by selecting 1 PLCP from each 
subfamily (Richau et al. 2012). Among these selected 
PLCPs, we observed that XCP1 and PAP5 can interact with 
CYS6 (Fig. 4A; Supplemental Fig. S8). As the loss of PAP5 
function did not show a clear PTI phenotype and because 
XCP2, the other PLCP in the same subfamily as XCP1, did 

Figure 2. elf18-triggered defenses are compromised in the cys6 mutant. A) Three-wk-old WT, cys6, and efr mutants were preinoculated with 10 mM 

MgSO4 (CK) or 1 µM elf18 (elf18) for 1 d before infiltration with Pm ES4326 (OD600 nm = 0.001). Bacterial titer was determined at 3 dpi. Significant 
differences were detected by 2-way ANOVA. Data are shown as means ± SD (n = 8). B) Twelve-d-old seedlings were treated with 1 µM elf18 for the 
indicated times, and samples were collected for immunoblots to detect the activation of MPK3 and MPK6 using a phospho-p44/42 MAPK antibody. 
The large subunit of Rubisco (RBCL) was stained with Ponceau S stain to serve as a loading control. C) and D) Leaf discs from 3-wk-old plants were 
immersed in elicitation solution containing 1 µM elf18, and ROS production was measured using a luminometer at the indicated time points C). ROS 
production at 6 min after elf18 treatment; a significant difference was detected by Student’s t test D). Data are shown as means ± SEM (n = 8). RLU, 
relative light units. E) Expression levels of PTI marker genes in 12-d-old WT and cys6 at the indicated time points after 1 µM elf18 treatment. 
Significant differences were detected by Student’s t test. Data are shown as means ± SD (n = 3). **P < 0.01; ***P < 0.001; ns, no significant difference.
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not interact with CYS6 (Supplemental Fig. S9), we only fo
cused on XCP1 in this study. To clarify the specific interaction 
between CYS6 and XCP1, which is a vacuole-localized pro
tein, we tested if other vacuole-localized proteins, such as 
VACUOLAR MORPHOLOGY 3 (VAM3) (Radin et al. 2021) 
and VACUOLAR H+-ATPASE SUBUNIT a2 (VHA-a2) (Bak 
et al. 2013), might also interact with CYS6. As shown in 
Supplemental Fig. S10, we observed no fluorescence signal 
when the encoding constructs were coexpressed with CYS6 
in split-luciferase assays. We next verified the interaction be
tween CYS6 and XCP1 using pull-down assays. To this end, 
we purified recombinant XCP1-HIS and GST-CYS6 from 
Escherichia coli. As shown in Fig. 4B, XCP1-HIS could bind 
to GST-CYS6 but not to GST in GST pull-down assays, indi
cating that XCP1 can directly interact with CYS6. We further 
confirmed the interaction between CYS6 and XCP1 using bi
molecular fluorescence complementation (BiFC) assays, 
which showed that only the combination of XCP1-cYFP (a 
fusion between XCP1 and the C-terminal half of the yellow 
fluorescent protein) and CYS6-nYFP (a fusion between 

CYS6 and the N-terminal half of YFP) reconstitutes fluores
cence signals (Fig. 4C; Supplemental Fig. S11).

Because XCP1 is a vacuole-localized PLCP (Supplemental 
Fig. S12A) (Funk et al. 2002), we speculated that CYS6 is 
also localized in the vacuole. To test this possibility, we 
coexpressed CYS6-GFP with the tonoplast localization 
marker gene γ-TIP-mCherry, encoding a fusion between 
mCherry and a vacuolar membrane-localized aquaporin 
(γ-TONOPLAST INTRINSIC PROTEIN) (Nelson et al. 2007). 
As shown in Supplemental Fig. S12B, CYS6-GFP colocalized 
well with γ-TIP-mCherry, indicating that CYS6 is a vacuole- 
localized protein. In addition, the YFP signals from 
CYS6-nYFP and XCP1-cYFP overlapped well with mCherry 
signals from the vacuolar marker, indicating that CYS6 and 
XCP1 interact in vacuoles (Fig. 4C).

CYS6 depends on XCP1 to regulate PTI
XCP1 regulates plant defense against pathogens (Pérez-López 
et al. 2021; Chen et al. 2023); however, its role in PTI has not 
been explored. To detect whether mutation of XCP1 alters 

Figure 3. The protease inhibitor activity of CYS6 is required for elf18-triggered resistance. A) Structure of CYS6 as determined by SMART (http:// 
smart.embl-Heidelberg.de/). The N-terminal box indicates the predicted signal peptide, the middle box represents the cystatin (CY) domain, and the 
C-terminal bar is a low-complexity region. The amino acids mutated in CYS6m are marked in red. B) E. coli–produced GST, GST-CYS6 (CYS6), and 
GST-CYS6m (CYS6m) were used to test their inhibition on papain with E64 as a positive control. The products of papain digestion were detected by 
measuring the optical density at 420 nm. Significant differences compared with the CK samples were detected by Student’s t test. Data are shown as 
means ± SD (n = 3). C) Relative expression levels of CYS6 and CYS6m in their transgenic lines in the cys6 mutant background. Significant differences 
compared with the cys6 mutant were detected by Student’s t test. Data are shown as means ± SD (n = 3). D) Overexpressing CYS6 but not CYS6m 
rescues the deficiency of elf18-triggered resistance in the cys6 mutant. Experiments were performed as described in Fig. 2A. Significant differences 
were detected by 2-way ANOVA. Data are shown as means ± SD (n = 8). *P < 0.05; ***P < 0.001; ****P < 0.0001; ns, no significant difference.
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plant responses to PAMPs, we infiltrated elf18 into the leaves 
of 3-wk-old WT and xcp1 mutant plants. We observed that 
elf18 triggers a stronger resistance to Psm ES4326 in the 
xcp1 mutant than in WT (Fig. 5A). To confirm the function 
of XCP1 in PAMP-triggered defense, we created 2 more 
xcp1 mutants, xcp1-2 and xcp1-3, using CRISPR/Cas9 technol
ogy (Supplemental Fig. S13). The xcp1-2 and xcp1-3 mutants 
also showed an enhanced response to elf18 compared with 
WT (Fig. 5B). Furthermore, elf18 induced higher phosphoryl
ation of MPK3 and MPK6 and ROS burst in the xcp1 mutant 
than in WT (Fig. 5, C to E). These results demonstrate that, in 
contrast to CYS6, XCP1 is a negative regulator of PTI.

To determine whether CYS6 depends on XCP1 to enhance 
PTI, we created the cys6 xcp1 double mutant by crossing the 
cys6 and xcp1 single mutants. As shown in Fig. 6A, the compro
mised elf18-triggered resistance phenotype of cys6 was rescued 
in the cys6 xcp1 double mutant. The mutation of CYS6 de
creased the elf18-induced ROS burst, whereas mutation of 
XCP1 enhanced the elf18-induced ROS burst, and ROS produc
tion in the cys6 xcp1 double mutant resembled that in the xcp1 
single mutant (Fig. 6, B and C). The elf18-triggered phosphoryl
ation of MPK3 and MPK6 was comparable in WT and the cys6 
xcp1 double mutant, indicating that mutation of XCP1 rescues 
the compromised phosphorylation of MPK3 and MPK6 seen in 
the cys6 mutant (Fig. 6D). Collectively, these data suggest that 
CYS6 promotes PTI by inhibiting XCP1.

The NADPH oxidase RBOHD is destabilized by XCP1 
in a vacuole-mediated manner
RBOHD-mediated ROS burst is critical for the establishment 
of PTI. RBOHD was reported to be degraded in a vacuole- 
dependent manner (Lee et al. 2020). In this study, we treated 
RBOHD-GFP (a construct encoding a fusion between RBOHD 
and the green fluorescent protein [GFP]) seedlings with con
canamycin A (Con A), a well-established inhibitor of vacuole- 
dependent degradation (Drose and Altendorf 1997). After 
the treatment, we detected clear RBOHD-GFP puncta within 
the vacuole, thereby reinforcing the notion that RBOHD deg
radation is mediated by the vacuole (Fig. 7, A and B). As XCP1 
is a vacuole-localized PLCP and regulates ROS burst after 
PAMP treatment (Fig. 5, D and E), we speculated that 
XCP1 represses PTI by destabilizing RBOHD. To test this hy
pothesis, we examined the abundance of RBOHD transcripts 
and RBOHD protein in the xcp1 mutant. We detected similar 
RBOHD mRNA levels in WT and the xcp1 mutant 
(Supplemental Fig. S14); however, RBOHD protein levels 
were higher in the xcp1 mutant than in WT both before 
and after elf18 or flg22 treatment, indicating that XCP1 de
stabilizes RBOHD (Fig. 7, C and D; Supplemental Fig. S15). 
Moreover, we examined the protein levels of MPK3 and 
MPK6 because their phosphorylation forms were enhanced 
in the xcp1 mutant. However, MPK3 and MPK6 levels were 
comparable in the WT and xcp1 mutant, indicating that 

Figure 4. CYS6 interacts with XCP1. A) Split-luciferase assays were performed on XCP1 and CYS6. Different combinations of Agrobacteria carrying 
nLuc, cLuc, XCP1-nLuc, or cLuc-CYS6 as indicated were infiltrated into N. benthamiana leaves, and luciferin was sprayed onto the infiltrated leaves 3 d 
later to detect luminescence signals with a CCD camera. B) Purified recombinant GST and GST-CYS6 were used to pull down XCP1-HIS from cell 
lysates. The protein levels of XCP1-HIS, GST, and GST-CYS6 were detected by immunoblots using anti-HIS and anti-GST antibodies. C) XCP1-cYFP 
and CYS6-nYFP were coexpressed in N. benthamiana leaves together with the vacuolar marker γ-TIP-mCherry for 3 d. The YFP and mCherry signals 
were visualized using a confocal microscope. Scale bar, 20 µm.
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XCP1 does not directly regulate the stability of MPK3 or 
MPK6 (Supplemental Fig. S16). To further confirm that 
XCP1 decreases RBOHD abundance, we fused XCP1 to a 
GFP tag and then expressed RBOHD together with empty 
vector or XCP1-GFP in the leaves of Nicotiana benthamiana 
plants. We examined RBOHD levels using an anti-RBOHD 
antibody, which could not detect endogenous RBOHD 
from N. benthamiana (Supplemental Fig. S17). Coexpression 
with XCP1, but not PAP5, resulted in lower levels of RBOHD 
compared with the control, confirming that XCP1 destabilizes 
RBOHD in planta (Supplemental Fig. S17). To investigate 
whether the enzymatic activity of XCP1 is required for desta
bilizing RBOHD, we mutated the enzymatically critical residue 
cysteine 161 to alanine (Pogorelko et al. 2019). The mutant 
form, XCP1C161A, was unable to promote the degradation of 
RBOHD (Fig. 7, E and F). To substantiate the role of vacuolar 
degradation in the processing of RBOHD, we conducted a 
free GFP cleavage assay (Huang et al. 2019a). Consistent 
with previous results, coexpression of XCP1 with RBOHD-GFP 
resulted in the destabilization of full-length RBOHD-GFP, 
with an increased level of cleaved free GFP compared with 
control samples (Fig. 7, G and H). These data support the no
tion that XCP1-modulated RBOHD degradation occurs within 
the vacuole. We further treated Arabidopsis seedlings with 
Con A and established that Con A increases RBOHD abun
dance in a dose-dependent manner (Fig. 7, I and J). 
However, the stability of RBOHD remained unaffected by 

Con A in the xcp1 mutant, which also demonstrated that 
XCP1 is the enzyme in the vacuole that destabilizes RBOHD 
(Fig. 7, I and J).

Furthermore, we fused CYS6 to a Myc tag and coexpressed 
the encoding construct with XCP1-Myc and RBOHD-GFP in N. 
benthamiana leaves to determine whether CYS6 is a func
tional cystatin of XCP1. The addition of CYS6 prevented 
the typical drop of RBOHD abundance and the change of 
free GFP/RBOHD-GFP ratio by XCP1, indicating that CYS6 
does inhibit the protease activity of XCP1 toward RBOHD 
(Fig. 7, G and H; Supplemental Fig. S17B). We also examined 
RBOHD levels in WT and the cys6 mutant by immunoblot
ting, revealing that RBOHD levels are comparable at 0 min 
of elf18 or flg22 treatment between WT and cys6, suggesting 
that the basal activity of XCP1 is sufficient to destabilize 
RBOHD in healthy tissues (Fig. 7, K and L; Supplemental 
Fig. S15). The overexpression of CYS6 suppressed the basal 
activity of XCP1, resulting in RBOHD accumulation 
(Supplemental Fig. S18). After elf18 treatment, the cys6 
mutant, but not the mutants of other positive PTI regulators, 
exhibited a lower abundance of RBOHD than WT, suggesting 
that the activity of CYS6 is essential for RBOHD accumulation 
upon pathogen infection (Fig. 7, K and L; Supplemental Fig. 
S19). Remarkably, the PAMP-induced accumulation of 
RBOHD was completely eliminated in the cys6 mutant, indi
cating that PAMP may regulate the stability of RBOHD by con
trolling CYS6 (Fig. 7, K and L; Supplemental Fig. S19). Although 

Figure 5. XCP1 negatively regulates elf18-triggered defenses. A) and B) elf18-induced plant resistance to Psm ES4326 is enhanced in the xcp1 mu
tant. Experiments were performed as described in Fig. 2A. Significant differences were detected by 2-way ANOVA. Data are shown as means ± SD 

(n = 8). The gl2 mutant was used as a control because the xcp1-2 and xcp1-3 mutants were in the g12 mutant background. C) Elf18-triggered phos
phorylation of MPK3 and MPK6 is enhanced in the xcp1 mutant. Experiments were performed as described in Fig. 2B. D) and E) elf18-triggered ROS 
production is enhanced in the xcp1 mutant. Experiments were performed as shown in Fig. 2C. Significant difference were detected by Student’s t test. 
Data are shown as means ± SEM (n = 8). RLU, relative light units. *P < 0.05; **P < 0.01; ****P < 0.0001.
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mutating BAK1-INTERACTING RECEPTOR-LIKE KINASE 2 
(BIR2), another negative regulator of ROS production during 
PTI, also rescued the PTI-deficient immune phenotype of 
the cys6 mutant, we observed no significant difference in 
RBOHD abundance between WT and the bir2 mutant, indicat
ing that CYS6 and XCP1 specifically regulate RBOHD stability 
to modulate PAMP-triggered ROS burst (Supplemental Figs. 
S20 and S21).

XCP1 regulates PTI in an RBOHD-dependent manner
As XCP1 destabilizes RBOHD, we wondered whether XCP1 dir
ectly interacted with RBOHD to promote its degradation. To 
test this possibility, we separately fused XCP1 to cLuc (the 
C-terminal half of firefly luciferase [Luc]) and RBOHD to 
nLuc (the N-terminal half of Luc) to perform split-luciferase 
complementation assays in N. benthamiana leaves. We only de
tected reconstituted luciferase in the leaf regions coexpressing 
cLuc-XCP1 and RBOHD-nLuc (Fig. 8). To verify the direct inter
action between XCP1 and RBOHD, we carried out a pull-down 
assay. Since RBOHD is a membrane protein, we separately pro
duced its soluble N terminus (RBOHD-N) and C terminus 
(RBOHD-C) fused to maltose-binding protein (MBP) in E. coli 
(Fig. 8). As shown in Fig. 8B, both MBP-RBOHD-N and 
MBP-RBOHD-C could pull down XCP1, although only a small 

amount of RBOHD-N was pulled down by the beads, indicating 
that RBOHD possesses multiple domains that interact with 
XCP1. We further confirmed their interaction using BIFC assay: 
only the combination of XCP1-cYFP and RBOHD-nYFP emitted 
fluorescence signals (Fig. 8C; Supplemental Fig. S22).

To investigate whether XCP1 mediates PTI by destabilizing 
RBOHD, we crossed xcp1 to the rbohd mutant and generated 
the xcp1 rbohd double mutant. Plants were treated with elf18 
to examine PTI responses in the xcp1 rbohd double mutant. 
Mutation of RBOHD compromised elf18-triggered plant re
sistance to Psm ES4326, which is consistent with the critical 
role of ROS in PTI responses (Fig. 9A). Furthermore, we ob
served that the loss of RBOHD function returns the en
hanced elf18-triggered plant resistance phenotype of xcp1 
to a level similar to that in WT (Fig. 9A). In addition, ROS ac
cumulation in the xcp1 mutant was completely dependent 
on RBOHD (Fig. 9, B and C). However, compared with WT, 
the xcp1 rbohd mutant showed stronger elf18-triggered 
phosphorylation of MPK3 and MPK6, indicating that XCP1 
may have other targets during PTI (Fig. 9D). Collectively, 
these results demonstrate that XCP1 depends on RBOHD 
to modulate PAMP-induced resistance.

As RBOHD homologs are also in charge of ROS production 
upon pathogen infection in other plant species, such as rice 

Figure 6. CYS6 depends on XCP1 to regulate elf18-triggered defenses. A) Mutation of XCP1 rescues the compromised elf18-triggered resistance of 
cys6. Experiments were performed as described in Fig. 2A. Significant differences were detected by 2-way ANOVA. Data are shown as means ± SD 

(n = 6). B) and C) Mutation of XCP1 rescues the compromised elf18-triggered ROS burst of cys6. Experiments were performed as shown in Fig. 2C. 
Significant differences were detected by Student’s t test. Data are shown as means ± SEM (n = 8). RLU, relative light units. D) Mutation of XCP1 res
cues the compromised elf18-triggered phosphorylation of MPK3 and MPK6 of cys6. Experiments were performed as described in Fig. 2B. *P < 0.05; 
**P < 0.01; ****P < 0.0001; ns, no significant difference.
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Figure 7. The stability of RBOHD is modulated by XCP1 and CYS6 in a vacuole-dependent manner. A) and B) Con A treatment results in the ac
cumulation of RBOHD-GFP in puncta within the vacuole. Confocal microscopy images of the roots of 7-d-old seedlings expressing RBOHD-GFP trea
ted with DMSO (CK) or 1 µM Con A for 20 h A) and number of RBOHD-GFP puncta B). Data are shown as means ± SD (n = 8). Scale bar, 20 µm. C) 
and D) RBOHD levels in 12-d-old WT and xcp1 seedlings after 1 µM elf18 treatment; samples were collected at the indicated time points after treat
ment for immunoblots C). Quantification of relative protein levels using ImageJ D). Data are shown as means ± SD (n = 3). E) and F) Agrobacterium 
cultures expressing RBOHD were mixed with Agrobacteria harboring XCP1-GFP or XCP1C161A-GFP and infiltrated into N. benthamiana leaves. Samples 
were collected 3 d later for immunoblots E). Quantification of relative protein levels using ImageJ F). Data are shown as means ± SD (n = 3). G) and 
H) RBOHD-GFP was coexpressed with XCP1-Myc or XCP1-Myc and CYS6-Myc in N. benthamiana leaves. Samples were collected 3 d after infiltration 
for immunoblots G). Quantification of relative protein levels by ImageJ H). Data are shown as means ± SD (n = 3). I) and J) Twelve-d-old WT and 
xcp1 seedlings were treated with different concentrations of Con A for 18 h before sample collection; RBOHD levels were measured by immunoblots 
I). Quantification of relative protein levels using ImageJ J). Data are shown as means ± SD (n = 3). K) and L) RBOHD levels measured in 12-d-old WT 
and cys6 seedlings after 1 µM elf18 treatment; samples were collected at the indicated time points after treatment K). Quantification of relative 
protein levels by ImageJ L). Data are shown as means ± SD (n = 3). Significant differences were detected using Student’s t test. *P < 0.05: 
**P < 0.01: ****P < 0.0001; ns, no significant difference.
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(Oryza sativa), tobacco (Nicotiana tabacum), and potato 
(Solanum tuberosum) (Simon-Plas et al. 2002; Wong et al. 
2007; Lukan et al. 2020), we wondered whether the 
CYS6–XCP1 regulatory module on RBOHD stability is con
served in plants. To evaluate this idea, we searched for 
their homologs in other plant species by BLAST analysis 
(Supplemental Data Set 1). As shown in Fig. 9E, homologs of 
CYS6, XCP1, and RBOHD were ubiquitous in all tested plants, 
indicating that the CYS6–XCP1–RBOHD cascade may be con
served in plants.

Discussion
Plants grow in a dynamic environment that requires them to 
rapidly respond to challenges via multiple signals, including 
ROS. After sensing PAMPs from pathogens, ROS are rapidly 
produced by RBOHD, which is positively and negatively regu
lated via posttranslational modifications such as phosphoryl
ation and ubiquitination (Kadota et al. 2015; Kimura et al. 
2020; Lee et al. 2020; Li et al. 2021). In this study, we reported 
that the vacuolar cystatin, CYS6, and its target PLCP, XCP1, 
modulate PTI by regulating the stability of RBOHD. Protein 
ubiquitination is typically the signal for removing membrane 
proteins via endocytosis and eventual vacuole-mediated 

degradation, which is the only known RBOHD degradation 
pathway in Arabidopsis (Foot et al. 2017). We assume that 
RBOHD undergoes phosphorylation and ubiquitination by 
PBL3 and PIRE, respectively, at its C terminus, and is then 
sorted to the vacuole for XCP1-mediated degradation to en
sure that only the required amount of RBOHD is located at 
the plasma membrane in the resting state (Fig. 10) (Lee 
et al. 2020). Upon pathogen infection, CYS6 inhibits the pro
tease activity of XCP1, resulting in RBOHD accumulation. At 
the same time, RBOHD is phosphorylated at several residues 
to activate RBOHD for ROS production (Fig. 10) (Li et al. 
2014; Kadota et al. 2015; Kimura et al. 2020). Because CYS6 
and XCP1 are vacuole-localized proteins, we speculate that 
feedback regulation may exist or that nondegraded RBOHD 
in the vacuole may be recycled to the plasma membrane 
(Lee et al. 2022). However, the mechanisms through which 
PAMPs regulate CYS6 to inhibit the protease activity of 
XCP1 and then stabilize RBOHD require further investigation. 
Further study is also required to confirm the change in prote
ase activity of XCP1 after pathogen infection in the presence 
and absence of CYS6.

In addition to biotic stresses, abiotic stresses such as high light 
and drought also induce ROS accumulation in an 
RBOHD-dependent manner (Liu and He 2016; Yao et al. 

Figure 8. XCP1 interacts with RBOHD. A) Split-luciferase assays were performed to test the interaction of XCP1 and RBOHD. Different combina
tions of Agrobacteria containing nLuc, cLuc, RBOHD-nLuc, or cLuc-XCP1 constructs as indicated were infiltrated into N. benthamiana leaves, and 
luciferin was sprayed onto the infiltrated leaves 3 d later to detect luminescence signals with a CCD camera. B) Purified recombinant MBP, 
MBP-RBOHD-N, and MBP-RBOHD-C were used to pull down XCP1-HIS from cell lysates. The protein levels of XCP1-HIS, MBP, MBP-RBOHD-N, 
and MBP-RBOHD-C were detected by immunoblots using anti-HIS and anti-MBP antibodies. TM, transmembrane region. C) Different combinations 
of Agrobacteria carrying nYFP, cYFP, XCP1-cYFP, or RBOHD-nYFP constructs as indicated were infiltrated into N. benthamiana leaves. YFP signals 
were visualized 3 d later using a confocal microscope. Scale bar, 20 µm.
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2017; Zandalinas et al. 2020; Luo et al. 2021). For example, 
ETHYLENE RESPONSE FACTOR 74 (ERF74) induces the expres
sion of RBOHD to improve plant defenses against various abiot
ic stresses including drought, high light, and heat (Yao et al. 
2017); mutation of EPSIN-LIKE CLATHRIN ADAPTOR 4 (ECA4) 
compromises plant responses to salinity owing to the lower re
cycling of RBOHD to the plasma membrane in this mutant (Lee 
et al. 2022). The regulation of RBOHD activity through endo
cytosis, which shuttles membrane proteins to the vacuole for 
degradation, is also involved in plant tolerance to salt stress 
(Hao et al. 2014); moreover, CYS6 overexpression can promote 
plant tolerance to multiple abiotic stresses (Zhang et al. 2008). 
Based on these reports, we propose that the CYS6–XCP1 mod
ule that affects RBOHD stability also regulates ROS production 
under abiotic stress conditions.

Owing to the important role of PLCPs in plant–pathogen in
teractions, multiple PLCPs have been identified as targets of 
pathogen effectors (Shindo and Van der Hoorn 2008). XCP1 is 
also an effector target that can be inhibited by PLASMODIO 
PHORA BRASSICAE PROTEIN 53 (SSPbP53), an effector of 
the clubroot pathogen Plasmodiophora brassicae, to diminish 
the formation of root galls (Pérez-López et al. 2021). 
Moreover, a recently published article claims that XCP1 can 
act as a caspase to regulate plant immune responses by proteo
lyzing PATHOGENESIS-RELATED 1 (PR1) for systemic immunity 
(Chen et al. 2023). Combined with our finding that XCP1 med
iates RBOHD degradation, XCP1 appears to be a multifunctional 
protein in plant–pathogen interactions.

CYS6 may also regulate other proteins in PTI, as mutating 
XCP1 did not completely rescue the PTI-deficient phenotype 

Figure 9. XCP1 depends on RBOHD to repress elf18-triggered defenses. A) Mutating RBOHD suppresses the enhanced elf18-triggered resistance 
phenotype of xcp1. Experiments were performed as described in Fig. 2A. Significant differences were detected by 2-way ANOVA. Data are shown 
as means ± SD (n = 8). B) and C) Mutating XCP1 abolishes the enhanced ROS production of the xcp1 mutant. Experiments were performed as shown 
in Fig. 2C. Significant differences were detected by Student’s t test. Data are shown as means ± SEM (n = 8). D) Mutating RBOHD does not affect the 
elf18-triggered phosphorylation of MPK3 and MPK6. Experiments were performed as described in Fig. 2B. E) Presence of putative orthologs for CYS6, 
XCP1, and RBOHD in different species. Tick marks suggest that the species possess the indicated related proteins. The phylogenetic tree was gen
erated by Phytozome. *P < 0.05; **P < 0.01; ****P < 0.0001; ns, no significant difference.
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of the cys6 mutant. In addition, XCP1 may have other sub
strates as well. We observed that the elf18-triggered phos
phorylation of MPK3 and MPK6 was enhanced in the xcp1 
mutant and lower in the cys6 mutant (Fig. 2, B and 5C). 
However, the elf18-triggered phosphorylation of MPK3 and 
MPK6 remained higher in the xcp1 rbohd double mutant 
than in WT, suggesting that XCP1 targets other proteins to 
repress the MPK cascade (Fig. 9D). Because endocytosis reg
ulates the signal duration and amplitude of some receptor 
complexes, such as the endocytosis of the flagellin receptor 
FLAGELLIN-SENSITIVE 2 (FLS2) induced by its ligand flg22, 
we speculate that the components of the PAMP receptor 
complex may be another target of XCP1 during PTI 
(Robatzek et al. 2006; Claus et al. 2018). Further investigation 
of XCP1 targets may uncover new mechanisms regulating 
PTI.

In summary, our study illustrates a strategy to regulate 
ROS burst upon pathogen infection. Because RBOHD and 
its homologs are the key NADPH oxidases involved in ROS 
production upon pathogen infection (Simon-Plas et al. 
2002; Kobayashi et al. 2007; Wong et al. 2007; Huang et al. 
2019b; Lukan et al. 2020) and as CYS6 and XCP1 are con
served among all the plant species tested (Fig. 9E), 
we speculate that other plant species may also use the 
CYS6–XCP1–RBOHD cascade to control ROS production 
under different conditions.

Materials and methods
Plant materials and growth conditions
Arabidopsis (A. thaliana) WT, mutants, and transgenic lines 
were all in the Col-0 accession in this study. The T-DNA in
sertion mutants cys1 (SALK_109268), cys2 (SALK_113078), 

cys3 (cs838011), cys4 (SALK_064249), cys5 (SALK_149928C), 
cys6 (SALK_027847C), cys7 (SALK_068510C), xcp1 (SALK_ 
084789), and pap5 (SALK_131226C) were ordered from the 
Arabidopsis biological resource center or Arashare. Seeds of 
rbohd, efr, fls2, mpk3-1, and cpk5 cpk6 cpk11 were described 
previously (Zipfel et al. 2004; Zipfel et al. 2006a; Boudsocq 
et al. 2010; Tian et al. 2018; Yan et al. 2021). The cys6 xcp1 
and xcp1 rbohd double mutants were generated by crossing 
the single mutants. The cys6-2, xcp1-2, xcp1-3, bir2, 35S: 
CYS6-GFP, 35S:CYS6m-GFP, 35S:RBOHD-GFP, and cys6 bir2 
were created in this study using floral dip-mediated transform
ation (Clough and Bent 1998).

Seeds were surface sterilized with 2% (v/v) plant preserva
tive mixture (Coolaber, PTC1000), stratified at 4°C for 2 d in 
the dark, and then sown on solidified half-strength MS me
dium (2.4 g MS medium, 15 g sucrose, 0.5 g MES-H, 8 g 
agar powder per liter, pH 5.8) or directly in soil. Plants 
were grown in growth chambers under conditions of 12 h 
light/12 h dark photoperiod (100 to 120 µmol m−2 s−1 pro
vided by a combination of white and full spectrum LED 
lamps), 22°C, and 60% relative humidity.

Vector construction
The cys6-2, xcp1-2, xcp1-3, and bir2 mutants were produced 
by CRISPR/Cas9-mediated genome editing (Xing et al. 2014; 
Kong et al. 2021). To construct the pHEE401E-CYS6-GL2 vec
tor, 2 simple guide RNAs (sgRNAs) were designed for CYS6, 
CYS6-T1 sgRNA, and CYS6-T2 sgRNA (Supplemental Data 
Set 2). The CYS6-T1 sgRNA was introduced into the primer 
CYS6-T1-F, the CYS6-T2 sgRNA was introduced into the pri
mer CYS6-T2-F, and the GL2 sgRNA was introduced into the 
primer GL2-R. The primer pair CYS6-T1-F/CYS6-T2-R was 

Figure 10. Working model of XCP1–CYS6-mediated regulation of RBOHD. In the resting state, RBOHD is phosphorylated and ubiquitinated by 
PBL13 and PIRE, respectively. Ubiquitinated RBOHD relocates to the vacuole through endocytosis, where it can be degraded by XCP1. After patho
gen infection, CYS6 inhibits the activity of XCP1 and results in RBOHD accumulation. At the same time, RBOHD is activated by phosphorylation 
mediated by CDPKs, BIK1, CRK2, and SIK1 to enhance ROS production.
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used to amplify a PCR fragment from pCBC-DT1T2, and the 
primer pair CYS6-T2-F/GL2-R was used to amplify a PCR frag
ment from pCBC-DT2T3. Then, these 2 fragments were puri
fied and ligated into the pHEE401E binary vector digested by 
BsaI. The pHEE401E-XCP1-GL2 vector was constructed as de
scribed above by replacing CYS6 sgRNAs with XCP1 sgRNAs. 
To construct the pHEE401E-BIR2 vector, the primer pair 
BIR2-T1-F/BIR2-T2-R was used to amplify a PCR fragment 
from pCBC-DT1T2. Then, the fragment was purified and li
gated into the pHEE401E binary vector digested by BsaI.

The full-length coding sequences of CYS6, XCP1, VAM3, 
VHA-a2, CTB2, AALP, RD21A, CEP1, XBCP3, PAP5, THI1, 
RD19A, and RBOHD were individually amplified by PCR using 
the cDNA of Col-0 seedlings as template and cloned into the 
pENTRY vector. To mutate CYS6 to CYS6m, the primer pair 
CYS6m-F/R was designed (Supplemental Data Set 2). The 
primer pairs CYS6-CDS-F/CYS6m-R and CYS6m-F/CYS6- 
CDS-R were used to amplify 2 PCR fragments from the 
pENTRY-CYS6 plasmid. Then, CYS6m was amplified by overlap 
PCR using these 2 fragments and cloned into the pENTRY vec
tor. Fragments encoding the N terminus (amino acids [aa] 1 to 
376) and the C terminus (aa 756 to 921) of RBOHD were PCR 
amplified from the pENTRY-RBOHD plasmid. Then, RBOHD-N 
and RBOHD-C were cloned into the pMALc2x vector (Tian et al. 
2023). To build the corresponding constructs needed, the CYS6, 
CYS6m, XCP1, and RBOHD sequences cloned into pENTRY were 
recombined with the destination vectors pEG103 (35S:X-GFP), 
pDEST15 (GST-X), pET32a (X-HIS), pX-nYFP (35S:X-nYFP), 
pX-cYFP (35S:X-cYFP), p1390-MH (35S:X-Myc-HIS), 
pDESTGwnluc (35S:X-nLuc), and pDESTclucGw (35S:cLuc-X), 
accordingly (Moreland et al. 2005; Earley et al. 2006; 
Robertson et al. 2008; Liu et al. 2016; Tian et al. 2018).

Bacterial growth and infiltration
Psm ES4326, Pst DC3000, and Pst DC3000 hrcC were streaked 
onto King’s B medium containing 50 µg/mL streptomycin or 
50 μg/mL rifampicin and grown in a 28°C incubator for 36 h. 
Psm ES4326 and Pst DC3000 were resuspended in 10 mM 

MgSO4 to OD600 nm = 0.001 for testing the resistance of 
CYS6 overexpression lines or to OD600 nm = 0.0001 for meas
uring pathogen growth in cys6 mutants. Pst DC3000 hrcC was 
resuspended in 10 mM MgSO4 to OD600 nm = 0.01. For each 
assay, the bacterial suspension was infiltrated into the 3rd 
and 4th true leaves of 3-wk-old Arabidopsis plants with nee
dleless syringes. For PTI experiments, elf18 or flg22 was infil
trated into the same leaves 1 d in advance of syringe 
infiltration of Psm ES4326 solution (OD600 nm = 0.001). 
Three days later (6 d later for Pst DC3000 hrcC), 16 leaf discs 
(5 mm in diameter) from 8 plants of each genotype were sur
face sterilized and then randomly divided into 8 sample pools 
for bacterial growth measurement according to a previously 
reported method (Sun et al. 2021).

B. cinerea inoculation
B. cinerea was cultivated in Petri plates containing V8 me
dium (36% [v/v] V8 original vegetable juice, 0.02 mM 

CaCO3, 2% [w/v] agar) at 22°C in the dark for ∼10 
d. Spores were harvested from the B. cinerea plate and resus
pended to 5 × 105 spores/mL for testing the resistance of 
CYS6 overexpression lines or 1 × 105 spores/mL for measur
ing the sensitivity of cys6 mutants in potato dextrose agar 
(PDA) liquid medium. The 3rd and 4th true leaves of 
Arabidopsis plants were detached and inoculated with 5 µL 
drops of spores. The inoculated leaves were kept on plates 
with 0.8% (w/v) agar at 22°C in the dark for 40 h (Sun 
et al. 2021). The area of diseased spots was measured using 
ImageJ. Leaves were further collected to extract genomic 
DNA for qPCR to detect the levels of BcACTIN and AtACTIN1.

Measurement of ROS production
One day before the ROS assays, leaf discs (5 mm in diameter) 
were cut from the 3rd or 4th true leaves of 3-wk-old plants. 
Each leaf disc was floated in individual wells of a 96-well mi
crotiter plate containing 200 µL deionized water and then in
cubated overnight at 22°C. Prior to the assay, the elicitation 
solution (horseradish peroxidase [HRP] [20 µg/mL], luminol 
[0.2 µM], and elf18 [1 µM] or flg22 [100 nM]) was prepared 
(Smith and Heese 2014). Then, 100 µL of the elicitation solu
tion was rapidly added to each well after the water was re
moved. ROS production was measured using a 96-well 
microplate luminometer (BERTHOLD, Centro XS LB 960). 
In the final result, n represents the number of leaf discs 
used for each genotype.

Protein extraction and immunoblot analysis
To detect protein levels after PAMP treatment, 12-d-old 
seedlings were inoculated with 1 µM elf18 or flg22 for the in
dicated times (Heese et al. 2007). For Con A (Abcam, 
ab144227) treatment, different concentrations of Con A as 
indicated were added to half-strength MS liquid and 
12-d-old seedlings were treated for 18 h before sample collec
tion. Total proteins were extracted using native buffer 
(50 mM Tris-HCl, PH 7.5, 150 mM NaCl, 0.1% [v/v] Triton 
X-100, 0.2% [v/v] NP-40, protease inhibitor cocktail, and 
phosphatase inhibitor cocktail). Immunoblots were per
formed with the following antibodies: anti-phospho-MAPK 
(Cell Signaling, 4370, 1:2,000), anti-MPK3 (Sigma, M8318, 
1:2,000), anti-MPK6 (Sigma, A7140, 1:2,000), anti-RBOHD 
(Agrisera, AS152962, 1:2,000), and anti-ACTIN (Easybio, 
BE0027, 1:5,000).

To check XCP1-mediated RBOHD degradation in 
N. benthamiana, combinations of Agrobacterium (Agrobacterium 
tumefaciens) cell suspensions harboring the related constructs 
were infiltrated into the lower epidermis of N. benthamiana 
leaves, and samples were collected 3 d later. Total proteins 
were extracted, and protein levels were detected as men
tioned above. The primary antibodies used in these assays 
were anti-Myc (Easybio, BE2010, 1:2,000), anti-GFP (Easybio, 
BE2002, 1:2,000), anti-RFP (Easybio, BE2023, 1:2,000), and 
anti-RBOHD antibodies.
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BIFC assay
Combinations of Agrobacterium cell suspensions containing 
35S:nYFP, 35S:cYFP, 35S:RBOHD-nYFP, 35S:CYS6-nYFP, 35S: 
XCP1-cYFP, or 35S:γ-TIP-mCherry (Nelson et al. 2007) as 
indicated were infiltrated into the lower epidermis of 
N. benthamiana leaves at an OD600 nm = 0.4 (Han et al. 
2020). The tombusvirus silencing suppressor p19 was coinfil
trated to ensure efficient expression of the fusion proteins. 
Three days later, the fluorescence signal was visualized by 
using an LSM-900 laser scanning confocal microscope 
(Zeiss). The excitation was set at 488 nm, and the emission 
was recorded at 505 to 550 nm for YFP.

Split-luciferase assay
Combinations of Agrobacterium cell suspensions containing 
35S:cLuc, 35S:nLuc, 35S:RBOHD-nluc, 35S:cluc-XCP1, 35S: 
VAM3-nluc, 35S:VHA-a2-nluc, 35S:CTB2-nluc, 35S:AALP-nluc, 
35S:RD21A-nluc, 35S:CEP1-nluc, 35S:XBCP3-nluc, 35S:PAP5- 
nluc, 35S:THI1-nluc, 35S:RD19A-nluc, 35S:XCP1-nluc, or 35S: 
cluc-CYS6 as indicated were transiently coinfiltrated in 
N. benthamiana leaves at an OD600 nm = 0.4. The viral sup
pressor p19 was coexpressed to ensure efficient expression 
of the fusion proteins. Three days later, 1 mM luciferin was 
sprayed onto the infiltrated leaves, which were incubated 
for 10 min. Chemiluminescence images were captured using 
a charge-coupled device camera (Tanon, 5200Multi or 
Amersham, Imager 680).

Subcellular localization
To determine the localization of XCP1 and CYS6, 
N. benthamiana leaves were infiltrated with Agrobacterium 
suspensions carrying 35S:XCP1-GFP or 35S:CYS6-GFP, 35S: 
γ-TIP-mCherry, and 35S:p19. Fluorescence signals were mon
itored 3 d later. To confirm the vacuole-mediated degrad
ation of RBOHD, Arabidopsis 35S:RBOHD-GFP seedlings 
were grown on half-strength MS medium for 7 d before being 
treated with 1 µM Con A for 20 h. Images were captured 
using an LSM-900 laser scanning confocal microscope 
(Zeiss). The excitation was set at 488 nm for GFP and 
587 nm for mCherry. The emission was recorded at 505 to 
550 nm for GFP and 600 to 650 nm for mCherry.

In vitro papain inhibition assay
For the papain inhibition assay, the sequence encoding the 
N-terminal predicted signal peptide of CYS6 was removed 
to improve protein solubility in E. coli. Bacterial culture and 
protein purification were performed as described previously 
with minor adjustments (Liu and Zhang 2004). Briefly, the 
production of GST, GST-CYS6, and GST-CYS6m proteins 
was induced by 0.5 mM IPTG at 30°C for 5 h. For purification 
of fusion proteins, the bacterial pellet was resuspended and 
sonicated (200 W, the treatment/interval was 10 s/10 s, 15 
to 20 min for each pellet) in lysis buffer (137 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 and 0.5% [v/v] 
Triton X-100, 1 mM DTT, 1 mM PMSF, 1 mg/mL lysozyme, 

pH 7.4). The supernatant was incubated with a GST-tag puri
fication column (Beyotime, P2262) at 4°C for 2 h, after which 
the purified proteins were eluted with elution buffer (50 mM 

Tris-HCl and 10 mM GSH, pH 8).
For the in vitro test, 80 μg purified protein was mixed with 

80 μL of papain solution (1 mg/mL in 0.1 M sodium phos
phate pH 6.1, 10 mM cysteine, 10 mM EDTA) in a final volume 
of 400 μL and preincubated at 37°C for 15 min. Then, 2 mL of 
azocasein solution (1 mg/mL in 0.1 M sodium phosphate pH 
6.1, 10 mM proteinase, 10 mM EDTA) was added to the mix
ture, and the samples were incubated at 37°C for 1 h. The re
action was terminated by adding 1 mL precooled 10% (w/v) 
trichloroacetic acid and keeping on ice for 30 min. Samples 
were centrifuged for 5 min at 13,000 × g, and supernatants 
were used to determine the inhibition of papain digestion 
of its substrate for CYS6 by measuring the optical density 
at 420 nm (Zhang et al. 2008).

Pull-down assay
The production of recombinant GST-CYS6 and XCP1-HIS 
was performed as described previously. The supernatants 
from GST and GST-CYS6 cell lysates were incubated with 
the GST-tag purification column at 4°C for 2 h and then 
washed twice using lysis buffer. Cell lysates containing 
XCP1-HIS soluble proteins were added to the column and in
cubated at 4°C for 2 h. Thereafter, the column was washed 3 
times with lysis buffer to remove nonspecific binding proteins. 
The bound proteins were eluted with elution buffer and de
tected by immunoblotting with anti-GST antibody (Easybio, 
BE2013, 1:2,000) and anti-HIS antibody (Trans, HT501, 1:2,000).

The production of MBP, MBP-RBOHD-N, and MBP- 
RBOHD-C proteins was induced by IPTG (0.5 mM) at 30°C 
for 5 h. For protein purification, the cell pellet was resus
pended and sonicated in lysis buffer (20 mM Tris-HCl pH 
7.4, 200 mM NaCl, 1 mM EDTA, 0.1% [v/v] Triton X-100, 
1 mM DTT, 1 mM PMSF, and 1 mg/mL lysozyme). The super
natant was incubated with amylose resin (NEB, E8021V) at 
4°C for 2 h and then washed twice using lysis buffer. Cell ly
sates containing XCP1-HIS soluble protein were added to the 
column and incubated at 4°C for 2 h. The bound proteins 
were eluted using 10 mM maltose and detected by immuno
blotting with anti-MBP antibody (Trans, HT701, 1:2,000) and 
anti-HIS antibody.

Reverse transcription quantitative PCR (RT-qPCR) 
analysis
To check the expression levels of CYS genes in their mutants, 
samples were collected from 12-d-old Arabidopsis seedlings 
of WT, cys1, cys2, cys3, cys4, cys5, cys6, and cys7. To measure 
CYS6 expression levels in the transgenic lines of 35S:CYS6-GFP 
and 35S:CYS6m-GFP, leaves were harvested from 3-wk-old 
plants. Twelve-d-old xcp1 mutant seedlings were used to meas
ure RBOHD expression levels. To detect marker gene expression 
after elf18 treatment, 12-d-old seedlings were inoculated with 
1 µM elf18 for different times as indicated. Total RNA was ex
tracted using TRIzol reagent (Takara, 9109). First-strand 
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cDNA was synthesized with a HiScript III RT SuperMix kit 
(Vazyme, R323-01) and used as RT-qPCR template.

Quantitative PCR (qPCR) analysis was performed employing 
a QuantStudio 5 real-time PCR system and 2×M5 SYBR 
Premix EsTaq (with Tli RNaseH) (Mei5Bio, MF787) with 
gene-specific primers (Supplemental Data Set 2). The expres
sion levels of target genes were calculated using the delta 
Ct method.

Phylogenetic analysis
The amino acid sequences of Arabidopsis cystatins were re
trieved from the TAIR database and then were aligned 
with Clustal software. The phylogenetic tree was produced 
using MEGA 7.0 with the neighbor-joining method with 
500 bootstrap replications (Supplemental Files 1 and 2).

Accession numbers
Sequence data from this article can be found in the EMBL/ 
GenBank data libraries under the following accession num
bers: CYS1 (At5g12140), CYS2 (At2g31980), CYS3 
(At2g40880), CYS4 (At4g16500), CYS5 (At5g47550), CYS6 
(At3g12490), CYS7 (At5g05110), XCP1 (At4g35350), RBOHD 
(At5g47910), GL2 (At1g79840), BIR2 (At3g28450), VAM3 
(At5g46860), VHA-a2 (At2g21410), RD21A (At1g47128), 
XBCP3 (At1g09850), CEP1 (At5g50260), THI1 (At1g06260), 
PAP5 (At3g49340), AALP (At5g60360), RD19A (At4g39090), 
CTB2 (At1g02305), AtACTIN1 (At2g37620), BcACTIN 
(BCIN_16g02020), and UBQ5 (At3g62250).
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