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Supplemental Figure S1. RT-qPCR shows that expression of PrpS1 mRNA varies 

in different pUBQ10::PrpS1 lines. 

 

qRT-PCR shows that PrpS1 mRNA is expressed in transgenic Arabidopsis seedlings 

(mean ± SD; N = 3). Expression levels varied. PrsS1 treatment resulted in the growth 

inhibition of all these lines (Fig 1c). Line 12 was chosen for further experiments, as this 

line showed the lowest expression, besides that line 11 was used for protoplast 

experiments due to silencing of NLS-YC3.6 signal in the mature leaves. Actin2 was 

used as a housekeeping gene control. 
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Supplemental Figure S2. PrsS1 proteins treatment does not inhibit the growth of wild 

type (WT) seedlings.  

 

Quantification of primary root length after addition of recombinant PrsS1 proteins (20 ng.µl-1) 

to WT seedlings at 4 days after being placed in the growth chamber (mean ± SD, N = 20-25 

seedlings). X-axis indicates time (days) after transferal of plates to the growth chamber. 

There was no significant difference in root length in comparisons between “mock” (buffer-

treated) and those treated with recombinant PrsS1 proteins at 4-6 days. All subsequent 

experimental observations on root inhibition were carried out at 4 days. Two-way ANOVA, 

NS, not significant.   
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Supplemental Figure S3. Recombinant PrsS protein treatment triggers rapid root 

growth inhibition of PrpS-expressing seedlings in an S-specific manner.  

 

Four-day-old WT or pUBQ10::PrpS1 seedlings were treated with recombinant PrsS1 or 

PrsS3 proteins (10 ng.µl-1) and live-cell imaging performed to monitor growth rate. Time 

resolution = 2 mins per frame. Bar = 100 µm. Arrows indicate addition of PrsS.  

 

(a) Time-lapse images of a representative WT seedling root treated with PrsS1 (arrow). 

Note that growth continues after treatment. 
(b) pUBQ10::PrpS1 seedling root treated with PrsS1 (arrow). Note that growth is inhibited 

soon after treatment. 

(c) pUBQ10::PrpS1 seedling root treated with PrsS3. Note that growth continues after 

treatment. 

 

(d-f) Quantification of growth rate for these representative individual roots. Arrowheads 

indicate the timepoint when the PrsS proteins were added.  

 

(g) Quantification of growth rate for three representative of pUBQ10::PrpS1 seedling roots 

treated with PrsS1. Arrowheads indicate when the PrsS1 was added. SI induction resulted in 

the root growth inhibition within 5-20 min after cognate PrsS proteins treatment.  

a  WT treated with PrsS1 

c  pUBQ10::PrpS1 treated with PrsS3 

b  pUBQ10::PrpS1 treated with PrsS1 
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Supplemental Figure S4. PrsS treatment results in S-specific cell death of PrpS-

expressing seedling root cells. 

 

Representative images (n=4) of changes observed in pUBQ10::PrpS1/pUBQ10::NLS-YC3.6 

seedling roots over time after addition of recombinant PrsS1 proteins (10 ng.µl-1). Upper 

panel shows propidium iodide (PI) staining (indicated by the white signal) which monitors 

plasma membrane permeability. Lower panel shows NLS-eCFP (turquoise signal) which 

monitors nuclear integrity, in the same root. Note that loss of NLS-eCFP signals are always 

observed in the corresponding region where PI positive signals were observed.  

 

The images reveal evidence of increasing levels of S-specific cell death in PrpS1-expressing 

roots over time. This starts in the lateral root cap region (indicated by yellow triangles) 1h 

after PrsS1 treatment and then is detected in the columella root cap region (indicated by 

yellow star) 2h after treatment. Cell death in the meristem region (indicated by yellow dotted 

oval) was observed around 4h after PrsS1 treatment, and this cell death area increases over 

time. Cell death in both the meristem and elongation zone (indicated by yellow and turquoise 

dotted ovals respectively) was observed 8h after PrsS1 treatment. Bar = 100 µm. 

0 h 1 h 2 h 4 h 6 h 8 h 

pUBQ10::PrpS1 treated with PrsS1  pUBQ10::PrpS1 

Mock 8 h PrsS3 8 h 

PI staining 

NLS-eCFP 

0 h 1 h 2 h 4 h 6 h 8 h Mock 8 h PrsS3 8 h 

* * * * 
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Supplemental Figure S5. PrsS treatment results in S-specific activation of DEVDase in 

PrpS-expressing seedling roots. 

DEVDase activity in seedling roots was monitored using confocal imaging of the CR(DEVD)2 

probe. Representative images (n=5) of max projections are shown in (a, b & d); a single Z-

slice optical section is shown in (c) and also in Fig 2b. Bar = 100 µm.  

 

(a) Representative WT seedling roots displayed the typical pattern of constitutive DEVDase 

activity in the lateral root cap (LRC) as part of their normal developmental PCD program. 

Note that this did not significantly change between 0 h and 4 h. 

 

(b) Representative pUBQ10::PrpS1 seedling roots displayed the typical pattern of constitutive 

DEVDase activity as part of normal developmental PCD in the LRC 0 h. At 1 h after addition 

of cognate recombinant PrsS1 the pattern of DEVDase activity was altered; note it was not 

confined to the LRC cells, but was more extensive, evident in virtually all cells.  

 

(c-d) Representative pUBQ10::PrpS1 seedling roots displayed S-allele specific activation of 

DEVDase activity at 4 h. At 0 h constitutive DEVDase activity is detected (left panel); at 4 h in 

a cognate combination  (PrpS1 + PrsS1) increased DEVDase activity was evident (middle 

panels); in a non-cognate combination  (PrpS1 + PrsS3) DEVDase activity similar to 0 h was 

observed. Bar = 100 µm.  

b 

d 

Single Z slice 

0 h 4h-PrsS1 4h-PrsS3 0 h 4h-PrsS1 4h-PrsS3 

Max Z projection 

c pUBQ10::PrpS1 pUBQ10::PrpS1 



Supplemental Figure S6. PrsS treatment triggers S-specific alterations [Ca2+]cyt 

 

Time series of ratiometric (cpVenus/eCFP) confocal imaging of representative seedling roots 

(n=6) after addition of recombinant PrsS (time of addition indicated by arrows). The 

pseudocolour scale indicating the relative ratio signal for cytosolic Ca2+ ([Ca2+]cyt) is the same 

for each series. Time (minutes: seconds) is indicated at the top of each image. Bar = 100 µm. 

Note that the root tip was registered during image processing to facilitate the measurement of 

[Ca2+]cyt changes.  

 

(a) WT root after PrsS1 treatment. PrsS1 treatment did not trigger any obvious changes in 

[Ca2+]cyt.  

 

(b) A pUBQ10::PrpS1 root treated with PrsS1 reveals increases in [Ca2+]cyt. Note the increase 

in [Ca2+]cyt in the elongation zone (white triangles) and later at the meristem and columella 

regions (indicated by white star), evident by the lighter blue.  

 

(c) A pUBQ10::PrpS1 root treated with PrsS3 did not trigger increases in [Ca2+]cyt.  

pUBQ10::PrpS1/pUBQ10::YC3.6 treated with addition of PrsS3 (indicated by arrow) c 

b  pUBQ10::PrpS1/pUBQ10::YC3.6 treated with addition of PrsS1 (indicated by arrow) 

* 
* * * * * * * * 

low Ca2+  

high Ca2+  

WT/pUBQ10::YC3.6 treated with addition of PrsS1 (indicated by arrow) a 



Supplemental Figure S7. PrsS treatment triggers nuclear-localized Ca2+ changes in an 

S-specific manner.  

 

Time series of ratiometric (cpVenus/eCFP) images of representative seedling roots (n=6) 

over time after addition of recombinant PrsS (time of addition indicated by arrows). Time 

(minutes:seconds) is indicated at the top of each image. The pseudocolour scale indicating 

relative ratio signal for nuclear Ca2+ is the same for each series. Bar = 100 µm.  

 

(a) PrsS1 treatment did not trigger obvious changes to nuclear Ca2+ in WT root.  

(b) Nuclear-localized Ca2+ increases were observed in a PrpS1-expressing root after PrsS1 

treatment. The increase in [Ca2+]cyt in the elongation zone (white triangles) was observed 

immediately after adding PrsS1, and later in the columella regions (indicated by white star). 

 

(c) PrsS3 treatment did not trigger increases in nuclear Ca2+ in a PrpS1-expressing root.  

 

WT/pUBQ10::NLS-YC3.6 treated with addition of PrsS1 (indicated by arrow) a 

low Ca2+  

high Ca2+  

pUBQ10::PrpS1/pUBQ10::NLS-YC3.6 treated with addition of PrsS1 (indicated by arrow) b 

* * * * * * * * * 

pUBQ10::PrpS1/pUBQ10::NLS-YC3.6 treated with addition of PrsS3 (indicated by arrow) c 
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Supplemental Figure S8. PrsS treatment triggers S-specific cytosolic pH decreases in 

PrpS-expressing roots. 

 

The genetically-encoded pH sensor pHluorin was used to profile the pH changes. 

Representative ratiometric (405nm/488nm) images of showing the region of interest (ROI, 

dotted box) in WT and pUBQ10::PrpS1 seedling roots treated with different PrsS proteins for 

3h are shown. Bar = 100 µm.  

 

(a) WT seedling roots treated with PrsS1  or PrsS3 proteins showed no change in [pH]cyt at 3h 

after treatment when compared with untreated roots at 0 h.  

 

(b) A decrease in cytosolic pH was observed in pUBQ10::PrpS1 seedling roots (middle) 3 h 

after addition of PrsS1 compared to untreated root at 0 h (left) and a pUBQ10::PrpS1 seedling 

root 3 h after addition of PrsS3 (right).  

 

(c) Quantitative measurements of the normalized ratio in the  ROI (white dotted box) of these 

seedling roots 3h after PrsS protein addition (mean ± SD,  N=12) reveal S-specificity of the 

response; only the pUBQ10::PrpS1 line display reduced [pH]cyt and only after treatment with 

PrsS1.  

 

0h PrsS1_3h PrsS3_3h 

WT a 

ROI 

Low pH 

High pH 

PrsS3_3h PrsS1_3h 0h 

pUBQ10::PrpS1 b 



(i) 0h 

(ii) 1h 

(iii) 3h 

pUBQ10::PrpS1 treated with PrsS1 b 

(iv) 3h 

50 μm 5 μm 

WT treated with PrsS1 
a 

50 μm 

Supplemental Figure S9. PrsS treatment triggers S-specific formation of actin foci in PrpS-

expressing roots. 

 

Actin dynamics in seedling roots of pUBQ10::PrpS1 expressing LifeAct-mRuby2 were examined by 

confocal imaging of the elongation zone; full projections of representative images (N>6) are shown here. 

Representative regions were selected from the left panel images; corresponding magnified regions are 

shown in the middle and right panels (images outlined in yellow and magenta).  

 

(a) No major actin dynamics or changes in organization were observed in WT seedlings after PrsS1 

treatment at 3h compared to untreated at 0 h.   

(b) (i) Prior to treatment (0 h) typical actin filament bundles were observed.  

(ii) At 1 h after treatment, actin filaments were less evident (yellow box, middle); in some cells actin foci 

were detected, together with some filaments (magenta box, far right). 

(iii) At 3 h after treatment, actin filaments had been lost (yellow box, middle) and large actin foci were 

evident in many cells (magenta box, right). 

(iv) At 3 h, as well as formation of  actin foci, abnormally thick actin bundles (yellow box, middle) and actin 

aggregation around some nuclei (magenta box, far right) were occasionally observed.  

0h 3h 



Supplemental Figure S10. Co-expression of PrpS and PrsS in Arabidopsis thaliana 

triggers root growth inhibition in an S-specific manner.  

 

(a) Images of 4-day-old XVE-PrsS1/PrpS1 seedlings 24h after transfer to new media 

containing estradiol (10 µM). White dashed lines indicate the position of the root tips 

immediately after transfer. Only the growth of XVE-PrsS1/PrpS1 seedling roots (magenta 

outline box) was inhibited by estradiol induction, demonstrating an S-specific effect.   

 

(b) The control (“mock”) experiment for Fig 5b, showing root lengths measured at 0h, 24h 

and 48h after estradiol induction. There was no significant difference (p=0.6239, NS, two-way 

ANOVA) observed between the root lengths or root growth rates in the background lines 

pUBQ10::PrpS1, XVE-PrsS1/PrpS1 or XVE-PrsS3/PrpS1 lines (mean ± SD, N = 20 seedling 

roots).  
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Supplemental Figure S11. Estradiol treatment induces the expression of PrsS mRNA 

transcript in XVE-PrsS/PrpS1 lines.  

 

(a) RT-PCR of total RNA from four-day-old seedlings of XVE-PrsS1/PrpS1 and XVE-

PrsS3/PrpS1 lines 6h after transfer to media containing estradiol (10 µM) or solvent (ethanol, 

mock control). This shows estradiol induction of PrpS1 and PrsS3 respectively in four 

independent treatments.  

 

(b) qRT-PCR shows that estradiol treatment induced a significant increase in the expression 

of PrsS1 (**, p=0.0041, Welch’s t test) and PrsS3 (**, p=0.0038, Welch’s t test) mRNA 

transcript in XVE-PrsS1/PrpS1 and XVE-PrsS3/PrpS1 lines, respectively, compared to “mock” 

treatment (addition of ethanol). Note that for both lines, relative levels of PrsS1 or PrsS3  

mRNA are observed at a ~10-3 scale, in comparison with Actin2 expression (mean ± SD,  N = 

4).   
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Supplemental Figure S12. Co-expression of PrpS and PrsS in whole Arabidopsis thaliana plants 

using estradiol triggers S-specific cell death in whole seedling roots. 

Estradiol (10 µM) induction in of XVE-PrsS1/PrpS1 seedlings resulted in nuclear disintegration (monitored 

by NLS-YC3.6) and cell death of seedling roots.  

(a) The whole seedling image shows three different regions of the root (root tip, middle zone and distal 

zone, indicated by green, blue and magenta boxes respectively) chosen for imaging NLS-YC3.6 to 

monitor the nuclear integrity after estradiol induction over time.   

(b, c) Confocal images of merged eCFP (LUT colour: green) and cpVENUS (LUT colour: red) channels 

are shown. The yellow signal (green-red overlap) shows intact nuclei. No major differences were 

observed before or after estradiol treatment (24h) in the background line pUBQ10::PrpS1 or XVE-

PrsS3/PrpS1 expressing non-cognate PrsS3 and PrpS1. 

(d) In the XVE-PrsS1/PrpS1 line expressing cognate PrsS1 and PrpS1, extensive nuclear disintegration 

was observed (indicated by loss of yellow signal). The fluorescence signal was so weak at 11h & 24 h in 

these samples that the confocal laser power was increased from 1.5% (all other images) to 3.5% to allow 

visualization of the signal. Note that at 11 h after estradiol induction, when the nuclear integrity in the root 

tip (indicated by green box) was completely lost, the nuclear in the middle zone (blue box) and distal zone 

(magenta) of the root could still be clearly observed, and finally disappear completely at 24 h after 

estradiol induction.   

 

(e) PI staining of a representative root at 24h after estradiol induction reveals that virtually all the 

cells are dead (white signal). Bar = 100 µm.  

0h 24h 0h 24h 0h 24h 11h 24h 
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Supplemental Figure S13. Transcript expression patterns of the S Protein Homologue (SPH) 

genes in Arabidopsis thaliana tissues. 

The expression of SPH genes (IPR010264) at the transcript level across 30 different tissues was 

investigated using publicly available RNAseq data (http://athena.proteomics.wzw.tum.de/). Expression 

of SPH genes are mainly found in flowering tissues including sepal (SP), petal (PT), stamen (ST), carpel 

(CP), silique (SQ), flower (FL), and pollen (P). Other tissues with expression include: silique septum 

(SQSP), silique valves (SQV), senescent leaf (SCLF), and flower pedicle (FLPD), which all undergo 

PCD. Actin2 (AT3G18780) is included here as a control comparison. TPM: transcripts per million. 

 

Abbreviations for other samples: Egg-cell like callus (RKD2); Callus (CIM); Cell culture early (CC3); Cell 

culture late (CC10); Cauline leaf (CLLF); Leaf distal (LFD); Leaf proximal (LFP); Leaf petiole (LFPT); 

Cotyledons (CT); Shoot tip (SAMCT); Root (RT); Root tip (RTTP); Root upper zone (RTUZ); Embryo 

(EB); Seed (SD); Seed imbibed (SDIMB); Node (ND); Internode (IND); Hypocotyl (HY).  
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Supplemental Figure S14. Protein expression patterns of the S Protein Homologue (SPH) 

genes in Arabidopsis thaliana tissues. 

The expression of SPH genes (IPR010264) at the protein level across 30 different tissues was 

investigated using publicly available proteomics data (http://athena.proteomics.wzw.tum.de/). Actin2 

(AT3G18780) is included here as a control comparison. In comparison with the RNA expression data 

in Fig S13, SPH proteins were detected in more tissues, hinting that the SPH proteins may be mobile 

or that their transcripts are expressed in more tissues but at a very low abundance. iBAQ: intensity-

based absolute quantification. 

 

Abbreviations: Egg-cell like callus (RKD2); Callus (CIM); Cell culture early (CC3); Cell culture late 

(CC10); Sepal (SP); Petal (PT); Stamen (ST); Carpel (CP); Silique (SQ); Flower (FL); Silique septum 

(SQSP); Silique valves (SQV); Cauline leaf (CLLF); Leaf distal (LFD); Leaf proximal (LFP); Leaf 

petiole (LFPT); Senescent leaf (SCLF); Cotyledons (CT); Shoot tip (SAMCT); Pollen (P); Root (RT); 

Root tip (RTTP); Root upper zone (RTUZ); Embryo (EB); Seed (SD); Seed imbibed (SDIMB); Node 

(ND); Internode (IND); Flower pedicle (FLPD); Hypocotyl (HY).  
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Supplemental Figure S15. Expression patterns of Rapid Alkalinization Factors (RALFs) in 

Arabidopsis thaliana tissues. 

The expression of RALF genes (IPR008801) at the RNA transcript level (a) and at the protein level (b) 

across different tissues was investigated using publicly available RNAseq and proteomics data 

(http://athena.proteomics.wzw.tum.de/). Feronia (AT3G51550) is included here as a control comparison. 

Abbreviations: Egg-cell like callus (RKD2); Callus (CIM); Cell culture early (CC3); Cell culture late (CC10); 

Sepal (SP); Petal (PT); Stamen (ST); Carpel (CP); Silique (SQ); Flower (FL); Silique septum (SQSP); 

Silique valves (SQV); Cauline leaf (CLLF); Leaf distal (LFD); Leaf proximal (LFP); Leaf petiole (LFPT); 

Senescent leaf (SCLF); Cotyledons (CT); Shoot tip (SAMCT); Pollen (P); Root (RT); Root tip (RTTP); Root 

upper zone (RTUZ); Embryo (EB); Seed (SD); Seed imbibed (SDIMB); Node (ND); Internode (IND); Flower 

pedicle (FLPD); Hypocotyl (HY). TPM: transcripts per million; iBAQ: intensity-based absolute quantification. 
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Supplemental Figure S16. Expression patterns of Pectin Methylesterase Inhibitors 

(PMEIs) in Arabidopsis thaliana tissues. 

The expression of PMEI genes (IPR034086) at the RNA transcript level (a) and at the 

protein level (b) across different tissues was investigated using publicly available and 

RNAseq and proteomic data (http://athena.proteomics.wzw.tum.de/). Feronia 

(AT3G51550) is included here as a control comparison. Abbreviations: Egg-cell like 

callus (RKD2); Callus (CIM); Cell culture early (CC3); Cell culture late (CC10); Sepal 

(SP); Petal (PT); Stamen (ST); Carpel (CP); Silique (SQ); Flower (FL); Silique septum 

(SQSP); Silique valves (SQV); Cauline leaf (CLLF); Leaf distal (LFD); Leaf proximal 

(LFP); Leaf petiole (LFPT); Senescent leaf (SCLF); Cotyledons (CT); Shoot tip (SAMCT); 

Pollen (P); Root (RT); Root tip (RTTP); Root upper zone (RTUZ); Embryo (EB); Seed 

(SD); Seed imbibed (SDIMB); Node (ND); Internode (IND); Flower pedicle (FLPD); 

Hypocotyl (HY). TPM: transcripts per million; iBAQ: intensity-based absolute 

quantification. 
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Primer name Sequence (5’-3’) 

F-attB1-PrpS1 

R-attB2-PrpS1 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCCGAAGTGGAAGTG 

GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAGCTTGAGTTATAAGATGAGG 

F-attB1-PrsS1 

R-attB2-PrsS1 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAACATATTTTATGTTATTGTGC 

GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGGTTCGACCTTCCTTCCTTTC 

F-attB1-PrsS3 

R-attB2-PrsS3 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGATATTGTGCGTTATTGTGC 

GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACTTCCTTCTCACCCATTCCTG 

K1H3-F 

X1H3-R 
CCGGGGTACGAGATCCGATATAACAAAATTTGAATC 

GCCGCTCGAGCTGTTCAACAAATTAACAAGATTTAG 

F-PrpS1-Q 

R-PrpS1-Q 
AGGATTTTTGGTTGGGTTTGGC 

CGAGATTTGGATTTGGAGTGGC 

F-PrsS1-Q 

R-PrsS1-Q 
GAGGGATGATGACGGTAGGTG 

TCGACCTTCCTTCCTTTCTTTC 

F-PrsS3-Q 

R-PrsS3-Q 
CGATCCACTGCCAATCAGAAGACG 

GTGGAGCACCTTCCGCCGTCG 

F-Actin2-Q 

R-Actin2-Q 
TCGGTGGTTCCATTCTTGCT 

GCTTTTTAAGCCTTTGATCTTGAGAG 

F-A-pUBQ10 

R-B-pUBQ10 
TTTTGGTCTCAACCTCCGACGAGTCAGTAATAAACGGCGT 

TTTTGGTCTCATGTTCCGCACTCGAGCTGTTAATCAGAAA 

F-B-PrpS1 

R-C-PrpS1 
TTTTGGTCTCAAACAATGGCCCGAAGTGGAAGTGTTGTTAC 

TTTTGGTCTCAAGCCTTAAGCTTGAGTTATAAGATGAGGGGAATC 

F-C-tRBCS 

R-D-tRBCS 
TTTTGGTCTCAGGCTGAGCTTTCGTTCGTATCATCGGTTTC 

TTTTGGTCTCACTGATCGATTGATGCATGTTGTCAATCAATTG 

F-D-pUBQ10 

R-E-pUBQ10 
TTTTGGTCTCATCAGCCGACGAGTCAGTAATAAACGGCGT 

TTTTGGTCTCAGCAGCCGCACTCGAGCTGTTAATCAGAAA 

F-E-NLS 

F-E-YC3.6 

R-F-YC3.6 

TTTTGGTCTCACTGCATGCTGCAGCCTAAGAAGAAGAGAAAGG 

TTTTGGTCTCACTGCGGAGTCGACTCGAGTGCGGCCGCCACC 

TTTTGGTCTCATAGTCGAAAGCTCTGCAGCCAACTAGTTTAC 

F-E-pHGFP 

R-F-pHGFP 
TTTTGGTCTCACTGCATGAGTAAAGGAGAAGAACTTTTCACTGG 

TTTTGGTCTCATAGTTTATTTGTATAGTTCATCCATGCCATGTG 

F-E-LifeAct 

R-F-mRuby2 
TTTTGGTCTCACTGCATGGGTGTCGCAGATTTGATCAAGAAATTCG 

TTTTGGTCTCATAGTTCACTTGTACAGCTCGTCCATCCCACC 

F-F-tMAS 

R-G-tMAS 
TTTTGGTCTCAACTAAATTCCAGCTTCCCTGAAACCTTGGAC 

TTTTGGTCTCAATACGCCGACCAACCGCAAGCGTTGTCAGTG 

    

Supplemental Table S1  

Primers for vector construction and mRNA detection.  

F: forward; R: reverse.  


