
 1 

Supplementary Information 

Supplementary Tables and Figures 

Supplementary Table 1. Putative untruncated and truncated form sizes of Arabidopsis papain-

like cysteine proteases. 

 

AT Gene # Protein Name 
PLCP 

Subfamily
a
 

Putative Protein Size
b
 (kDa) 

(Untruncated / truncated form) 

At4g36880 RDL1 I 39.40 / 25.20 

At3g19400 RDL2 I 37.55 / 25.16 

At3g43960 RDL3 I 38.76 / 27.10 

At4g11310 RDL4 (CP1) I 37.67 / 24.68 

At4g11320 RDL5 (CP2) I 38.35 / 24.64 

At4g23520 RDL6 I 36.81 / 24.41 

At1g47128 RD21A I 35.40 / 23.30 

At5g43060 RD21B I 35.33 / 23.26 

At4g19390 RD21C I 34.41 / 23.25 

At5g50260 CEP1 II 38.43 / 25.73 

At3g48340 CEP2 II 38.12 / 25.19 

At3g48350 CEP3 II 38.71 / 26.03 

At4g35350 XCP1 III 36.80 / 23.79 

At1g20850 XCP2 III 37.08 / 23.77 

At1g09850 XBCP3 IV 39.00 / 23.43 

At1g06260 THI1 V 34.54 / 23.22 

At5g45890 SAG12 VI          35.37 /   - 

At2g34080 PAP1 VI          35.76 /   -  

At1g29090 PAP2 VI          36.36 /   -  

At1g29080 PAP3 VI          36.11 /   - 

At2g27420 PAP4 VI          36.50 /   - 

At3g49340 PAP5 VI          35.65 /   - 

At4g39090 RD19A VII 37.85 / 25.12 

At2g21430 RD19B VII 37.12 / 24.70 

At4g16190 RD19C VII 39.14 / 25.35 

At3g54940 RD19D VII 37.81 / 25.07 

At5g60360 AALP VIII 36.95 / 23.42 

At3g45310 ALP2 VIII 37.41 / 23.65 

At1g02300 CTB1 IX 37.27 / 29.21 

At1g02305 CTB2 IX 34.75 / 26.64 

At4g01610 CTB3 IX 34.94 / 26.53 
a
 There are 9 subfamilies of Arabidopsis papain-like cysteine proteases (PLCPs) classified by their domian structures. Here was indicated as I to 
IX. (Plant Physiol. 2012, Vol. 158, pp. 1583–1599) 

b

 The putative protein sizes of PLCPs are represented for their untruncated and truncated forms reported in UniProt (https://www.uniprot.org/). 
Red color indicates the selected protease size ranging from 34 kDa to 37 kDa for untruncated form and 23 kDa to 25 kDa for truncated form.  
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Supplementary Table 2. List of Arabidopsis T-DNA insertion mutants 

 

Name Gene Mutant Line 

xcp1 At4g35350  SALK_084789 

xcp2 At1g20850 SALK_010938 

rd19b At2g21430 SALK_095569 

sag12 At5g45890 SALK_095721 

aalp At5g60360 SALK_075550 

rd21c At3g19390 SALK_058300 

thi1 At1g06260 SALK_056849 

rd19a At4g39090 SALK_031088 

ctb3 At4g01610 SALK_019630 
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Supplementary Table 3. Primers used in this study 

 
Primers for cloning 

PR1_F' ATG AAT TTT ACT GGC TAT TCT CGA TTT TT 
PR1-D150A/P151A_F' ATG AAT TTT ACT GGC TAT TCT CGA TTT TTA ATC GTC TTT GTA GCT CTT GTA GG 
PR1-D150A_R' GTA TGG CTT CTC GTT CAC ATA ATT CCC ACG AGG AGC ATA GTT GCA ACT G 
PR1-P151A_R' GTA TGG CTT CTC GTT CAC ATA ATT CCC ACG CGC ATC ATA GTT GC 
PR1_CDS_R’ TTA GTA TGG CTT CTC GTT CAC 
CAPE9-truncated PR1_R’ TTA ATC ATA GTT GCA ACT GAT TAT 
PR1-BsF1 (for CRISPR/Cas9) ATA TAT GGT CTC GAT TGT CCC ATG CAG TGG GAC GAG AGT T 
PR1-F10 (for CRISPR/Cas9) TGT CCC ATG CAG TGG GAC GAG AGT TTT AGA GCT AGA AAT AGC 
DT0-BsR2 (for CRISPR/Cas9) ATA TTA TTG GTC TCA ATC TCT TAG TCG ACT CTA CCA AT 
PR1-BsF2 (for CRISPR/Cas9) ATA TTA TTG GTC TCA AGA TTG TAG CCC ACA AGA TTA TCT AAG TT 
PR1-F20 (for CRISPR/Cas9) TGT AGC CCA CAA GAT TAT CTA AGT TTT AGA GCT AGA AAT AGC 
PR1-R0 (for CRISPR/Cas9) AAC ACC AGA GTG TAT GAG TCT GCC AAT CAC TAC TTC GTC TCT AAC CAT 
PR1-BsR3 (for CRISPR/Cas9) ATT ATT GGT CTC GAA ACA CCA GAG TGT ATG AGT CTG CC 
XCP1-His_F' ATG GCT TTT TCT GCA CCA TCA CTT TCC 
XCP1-His_R1' GAT GAT GAT GCT TGG TCT TGG TAG GAT AT 
XCP1-His_R2' TCA ATG ATG ATG ATG ATG ATG CTT GGT CT 
XCP1_promoter_F' AAA AGC CTG CAG GGT GTT TGC ACT TTG CA 
XCP1_promoter_R' AGC CAT GGG CCC CCA AAT TTG TTC ACT 
XCP1-C161A_F' GGT CAA TGT GGT AGC GCT TGG GCA TTT TCA ACA 
XCP1-C161A_R' CTG TTG AAA ATG CCC AAG CGC TAC CAC ATT GAC 

Primers for gene expression level 
PR1_RT-PCR_F' GTG CTC TTG TTC TTC CCT CG 
PR1_RT-PCR_R' GCC TGG TTG TGA ACC CTT AG 
XCP1_RT-PCR_F' GAT ACA CGC CGG AGC ATT TG 
XCP1_RT-PCR_R' GTA GCC GCT GAT TGT CAC AC 
XCP1_qPCR_F' GCT CAT CAG CCA GTC AGT G 
XCP1_qPCR_R' ACC ATT AAA CAC TCC CCC TTT GT 
PR1-eYFP_RT-PCR_R’ GAA CTT CAG GGT CAG CTT GCC GTA 
ACTIN2_RT/qPCR_F ' GGT AAC ATT GTG CTC AGT GGT GG 
ACTIN2_RT/qPCR_R' GGT GCA ACG ACC TTA ATC TTC AT 

Primers for genotyping 
LbB. 1.3 ATT TTG CCG ATT TCG GAA C 
PR1-F ATG AAT TTT ACT GGC TAT TCT CGA TTT TT 
PR1-R GTA TGG CTT CTC GTT CAC ATA ATT C 
8484-F TTT TCC CAG TCA CGA CGT TGT 
8485-R GTC CTT GTA TAA ACG CAA TG 
SV40 NLS-F CCG AAG AAG AAG AGG AAG GTT 
Cas9-middle-R CGT CTT CCC GGA CTG CTT 
XCP1_LP GAA GCC TCA ATA GCC ACA CTG 
XCP1_RP TAT GGC TTT TTC TGC ACC ATC 
XCP2_LP AAA GGG AAA AGC TAC TGG CTC 
XCP2_RP GGT TTC CCA GTG TTC CTC TTC 
CTB3_LP TTG TGT GTG TGT GTT GAC TGC 
CTB3_RP AAA ACT TAC ATC ACC CCA GCC 
AALP_LP TAG TTT TGG TGG TTC TCG TCG 
AALP_RP CTG ATG GTA AGC TGC CTC AAG 
RD19A_LP AAC CTC GTG ATC ACA GTC GAC 
RD19A_RP AGA CAA CAC GGC ACT GCT AAC 
mRD19B_LP CTG ACT CGT TCT GAG TTT CGG 
mRD19B_RP TGG CAT TGT TGT TTC GAA TTC 
mRD21C_LP GTA CCT TCC GGG AAT GGT TAG 
mRD21C_RP CAT AAG ACC TCC ACC ACA TCC 
SAG12_LP ACT GTT CAA TGG AGC GAA TTG 
SAG12_RP CAA AAA GAC CAA TCC AAA AGC 
THI1_LP CAA AGA GAT GGT GAG CAA AGC 
THI1_RP CAA GCT ATC CCT TGC AGT GAG 
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Supplementary Fig. 1. Identification result of endogenous AtCAPE9 using Mascot MS/MS ion 

matching.  

The delta score (DS) for the endogenous AtCAPE9 was 19.7 (1st ranked matching score - 2nd ranked 

matching score, 33.4 - 13.7 = 19.7)  
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Supplementary Fig. 2. Examination of PR1 sequence and expression in pr1 mutant with or 

without local transformation of native or mutated PR1 by Agrobacterium. 

(a) Sequence of the truncated region (101-142 bp) of PR1 (At2g14610) in the pr1 Arabidopsis mutant 
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generated by CRISPR/Cas9. Experiments were repeated for three times with similar results. (b) 

Genotyping of PR1 in WT and T2 lines (#3 and #8) of pr1 mutant. (c) Immunoblot of PR1 in WT and 

pr1 mutant using anti-PR1. The plants were treated by 60 μM INA for 60 min. (b, c) Experiments were 

repeated for two times with similar results. (d) RT-PCR analysis of PR1 using the primers targeting 

53-119 bp of PR1. ACTIN2 was used as internal control. (e) Immunoblot of PR1 in pr1 infiltrated with 

Agrobacterium carrying P19 plasmid together with Agrobacterium carrying native PR1 (P19+PR1), 

alanine-substituted PR1 (P19+PR1D150A), or CAPE9-truncated PR1 (P19+PR1ΔCAPE9) driven by 35S 

promotor. The sizes of native and mutated PR1 proteins were estimated to be 13~14 kDa, detected by 

western blotting with anti-PR1 antibody. Coomassie Blue staining shows total protein loaded. (d, e) 

Experiments were repeated for four times with similar results.  
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Supplementary Fig. 3. Immunoblot of PR1-eYFP and AtCAPE9-eYFP fragment in transgenic 

PR1-eYFP Arabidopsis seedlings with Mock, SA or INA treatment.  

The seedlings were immersed in medium with 10 mM MgSO4 (Mock), 60 M INA in 10 mM MgSO4 

(INA), or 60 M SA in 10 mM MgSO4 (SA) for 5, 30 and 60 min. The sizes of the intact/uncleaved 

PR1-eYFP and the putative AtCAPE9-eYFP fragment were estimated to be ~44.7 and ~27.0 kDa, 

respectively. The percentage of the PR1-eYFP cleavage to produce AtCAPE9-eYFP fragment (noted 

as %Cleavage) was calculated by the band intensity of AtCAPE9-eYFP divided by the sum of the PR1-

eYFP and AtCAPE9-eYFP band intensities [(AtCAPE9-eYFP)/(PR1-eYFP +AtCAPE9-eYFP)], 

detected by immunoblot using anti-GFP. Coomassie Blue staining shows total protein loaded. The 

band intensities in immunoblots were measured by ImageJ.  
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Supplementary Fig. 4. Design of fluorogenic protease substrate and affinity aldehyde inhibitor 

based on the CNYD domain. 

Structure of fluorogenic protease substrate and affinity aldehyde inhibitor, shown as Ac-CNYD-AMC 

and biotin-CNYD-CHO, respectively.  
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Supplementary Fig. 5. Relative expression of papain-like cysteine proteases and PR1 (AtCAPE9) 

at different leaf developmental stages. 

The color scale indicates the log2 of gene expression level above or below the median. Yellow shows 

the median value. Red indicates the gene is strongly expressed relative to the median expression levels, 

while dark blue indicates those poorly expressed. The expression pattern of PR1 (labeled 

AtCAPE9/At2g14610) was hierarchically clustered with PLCP expression at all leaf stages to uncover 

potential correlations and, in turn, ESCAPE candidates (labeled with an asterisk). Data obtained from 

NASCArrays and the AtGenExpress Consortium (At3g48340 is not available) and analyzed by the 

Expression browser (Plant J. 2012, Vol. 43, pp. 153–163).  
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Supplementary Fig. 6. Selection of ESCAPE from PLCPs and validation for the selected 

ESCAPE mutant.  

(a) Venn diagram of the ESCAPE candidates within the group of PLCPs, selected by their protein sizes 

(Supplementary Table 1) and expression patterns (Supplementary Fig. 5). (b) CNYDase activity of the 

selected papain-like cysteine protease mutants of Arabidopsis. The proteolytic activity assay was 

performed by incubating 50 µg protein extracted from three seedlings with 25 µM Ac-CNYD-AMC 

substrate. RFU of the cleaved fluorophore was measured after 5 h incubation with the substrate. Values 

are means ± SD of three biological replicates. Each replicate was obtained from three seedlings. P 
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values were calculated by one-tailed unpaired t-test (**, P < 0.01). The stock number of these T-DNA 

insertion mutants were listed in Supplementary Table 2. (c) A scheme exhibited for T-DNA insertion 

site of XCP1 gene in the T-DNA insertion Arabidopsis mutant (xcp1; SALK_084789) and the primers 

designed for genotyping and quantifying the gene expression of XCP1 in xcp1 mutant. (d) The xcp1 

T-DNA insertion mutant was confirmed by genotyping. (e) The expression level of the XCP1 gene in 

WT and xcp1 determined by RT-qPCR. The expression of ACTIN2 was used to normalize XCP1 gene 

expression. Values are means ± SD of three biological replicates. P values were calculated by one-

tailed unpaired t-test (***, P < 0.001).  
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Supplementary Fig. 7. Examination of the PR1 cleavage in xcp1 × PR1-eYFP line and the 

AtCAPE9 abundance in xcp1 mutant.  

(a) RT-PCR analysis was performed for detection of ACTIN2, XCP1 and PR1-eYFP gene expression 

between WT, PR1-eYFP and the crossed line of xcp1 × PR1-eYFP plants. Experiments were repeated 

for two times with similar results. (b) Immunoblot of the protein extract from WT, PR1-eYFP and the 

crossed line of xcp1 × PR1-eYFP plants. The sizes of the intact PR1-eYFP and the putative AtCAPE9 

fragment were estimated to be ~44.7 and ~27.0 kDa, respectively, detected by the anti-GFP. Coomassie 

Blue staining shows total protein loaded. Experiments were repeated for three times with similar results.  

(c) The abundance of endogenous AtCAPE9 in the Arabidopsis leaves with SA treatment between WT 

or xcp1 plants. The abundance of AtCAPE9 was quantified and normalized by the abundance of a 

spiked internal control angiotensin I using LC-MS/MS analysis. Values are means ± SD of three 

technical replicates obtained from the analysis of a peptide mixture extracted from 5 g leaf tissues 

derived from a pool of five plants. P values were calculated by one-tailed unpaired t-test (***, P < 

0.001). 
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Supplementary Fig. 8. Characterization of Arabidopsis XCP1-His purified from the XCP1-His-

overexpressed Nicotiana benthamiana.  

(a) A scheme of Arabidopsis XCP1-His protein showing the molecular weight of the untruncated and 

truncated form. (b) Analysis of Ni-NTA purified proteins from the Nicotiana benthamiana leaves 

overexpressing P19 or P19 with XCP1-His genes. Purified proteins were labeled with biotin-CNYD-

CHO and analyzed by immunoblot using anti-His antibody or streptavidin-HRP. Coomassie Blue 

staining shows all purified protein loaded. Experiments were repeated for three times with similar 

results.   
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Supplementary Fig. 9. Determination of the enzyme kinetics of Arabidopsis XCP1-His based on 

CNYDase activity under different temperatures. 

The Vmax and Km of proteolytic activity were determined by 2.5 h incubation of 1 µg purified XCP1-

His with different concentrations of CNYD substrate at 22, 32 or 37°C.  
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Supplementary Fig. 10. Immunoblot of PR1-eYFP and AtCAPE9-eYFP fragment in transgenic 
PR1-eYFP Arabidopsis seedlings with Mock or INA treatment at 32 or 22°C. 
The seedlings were pre-incubated at 32 or 22°C before treatments for 30 min and then immersed in 
medium with 10 mM MgSO4 (Mock) or 60 M INA in 10 mM MgSO4 (INA) for 60 min. The sizes of 
the intact/uncleaved PR1-eYFP and the putative AtCAPE9-eYFP fragment were estimated to be ~44.7 
and ~27.0 kDa, respectively, detected by immunoblot using anti-GFP. Coomassie Blue staining shows 
total protein loaded.  
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Supplementary Fig. 11. Examination of the alanine-substituted mutation on the putative active 

site of Arabidopsis XCP1-His for CNYDase activity. 

(a) The schemes represent the original and alanine-substituted (C161A) XCP1-His protein sequences. 

(b) Analysis of Ni-NTA purified proteins extracted from the Nicotiana benthamiana overexpressing 

P19 with XCP1-His or P19 with XCP1C161A-His genes. Each step during purification was analyzed by 

immunoblot with anti-His antibody. Coomassie Blue staining shows all purified protein loaded. Lane 

1, total protein extracts from Nicotiana benthamiana leaves; Lane 2, resuspended protein pellets after 

acetone precipitation; Lane 3, flow through (FT) after protein loading onto the Ni-NTA column; Lane 

4 or 5: fraction washed by wash buffer; Lane 6, eluted proteins. Experiments were repeated for three 

times with similar results. (c) The CNYDase activity with or without adding 400 µM biotin-CNYD-

CHO to the Ni-NTA purified proteins from the Nicotiana benthamiana overexpressing P19, P19 with 

XCP1-His and P19 with XCP1C161A-His gene. The proteolytic activity assay was performed by 

incubating 0.5 µg purified protein with 25 µM Ac-CNYD-AMC substrate. RFU of the cleaved 

fluorophore was measured after 5 h incubation with the substrate. Values are means ± SD of three 

independent experiments. Each experimental result was obtained by using five Nicotiana benthamiana 

plants overexpressing proteins transiently. P values were calculated by one-tailed unpaired t-test (***, 

P < 0.001). 
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Supplementary Fig. 12. Localization of XCP1-GFP and PR1-eYFP proteins in Nicotiana 

benthamiana leaves subjected to plasmolysis.  

The subcellular localization of XCP1 and PR1 were examined by transforming the 2x35S::XCP1-GFP 

or 35S::PR1-eYFP along with 35S::PIP2A-mCherry in Nicotiana benthamiana leaves using 

Agrobacterium infiltration. After 1 M mannitol treatment, the location of overexpressed proteins under 

plasmolysis in Nicotiana benthamiana leaves were detected by fluorescence microscopy. PIP2A-

mCherry was used to mark plasma membrane. The arrows indicate the apoplastic regions. Bar = 20 

μm. Experiments were repeated for three times with similar results.  
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Supplementary Fig. 13. Genotyping and gene expression of the XCP1 in the crossed or mutated 
plant lines. 
(a) Genotyping for the XCP1 zygosity in F2 and F3 generation of wild-type (WT) and xcp1 crossed 
Arabidopsis plant (WT × xcp1) lines. Size marked for (w) wild-type XCP1 and (m) mutated XCP1 
allele was 1008 bp (full length of XCP1) and 600 bp (T-DNA inserted XCP1), respectively. F2 lines of 
F2-1, F2-2, F2-6, F2-7, F2-9, F2-10, F2-11, F2-12, F2-13, F2-15 and F2-16 were identified as 
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heterozygous mutated XCP1 (XCP1w/m) line. F2-3 and F2-8 were identified as homozygous mutated 

XCP1 (XCP1m/m) line. F2-4, F2-5 and F2-14 were identified as homozygous wild-type XCP1 (XCP1w/w) 

line. F2-3, F2-5, F2-8 and F2-13 were selected to cultivate F3 lines of F2-3-F3, F2-5-F3, F2-8-F3 and 

F2-13-F3 and genotyped. The selected plant # in each F3 progeny were in red color. The used primers 

were listed in Supplementary Table 3. Experiment was performed one time. (b) Genotyping for the 

XCP1 zygosity in T3 generation of xcp1/XCP1-His. Experiments were repeated for three times with 

similar results. (c) The expression of the XCP1 in the wild-type (WT), XCP1m/m (F2-8) and XCP1-His 

complemented xcp1 (xcp1/XCP1-His) plants determined by RT-PCR (25 cycles). The expression of 

ACTIN2 was used as loading control. Experiments were repeated for two times with similar results.  
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Supplementary Fig. 14. Immunoblot of the protein extract from PR1-eYFP transgenic plant 

seedlings treated with flg22 using anti-GFP.  

The seedlings were immersed in medium with 10 mM MgSO4 (Mock), 500 nM flg22 in 10 mM MgSO4 

for 4 and 24 h. The sizes of the intact PR1-eYFP and the putative AtCAPE9 fragment were estimated 

to be ~44.7 and ~27.0 kDa, respectively. The percentage of the PR1-eYFP cleavage (%Cleavage) was 

calculated by the band intensity of AtCAPE9-eYFP divided by the sum of the PR1-eYFP and 

AtCAPE9-eYFP band intensities [(AtCAPE9-eYFP)/(PR1-eYFP+AtCAPE9-eYFP)], detected by 

immunoblot using anti-GFP. Coomassie Blue staining shows total protein loaded. The band intensities 

in immunoblots were measured by ImageJ.  



 21 

 
Supplementary Fig. 15. Systemic immunity of wild-type, ics1 and npr1 elicited by local treatment 

of pathogen elicitor flg22 or phytocytokine AtCAPE9. 

(a) The disease symptom of the Pst DC3000-infected systemic leaves of wild-type (WT), ics1 and 

npr1 mutant pre-infiltrated local leaves with flg22 or AtCAPE9. The local pre-infiltrations were 

performed on the leaf # 7-11 as defined in Fig. 2 and other leaves without infiltration were used as 

systemic leaves. After 2 days of local infiltration, both local and systemic leaves were inoculated with 

Pst DC3000 for 5 days and collected systemic leaves for disease symptom assessment. (b) Levels of 

disease severity of systemic leaves were measured by the percentage of yellow area in total area for 

the corresponding photographs using the PIDIQ software. Values are means ± SD of three biological 

replicates. P values were calculated by one-tailed unpaired t-test (**, P< 0.01). 




