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SI Appendix  
 

Experimental Procedures 
 

Isolation of chromatin-associated proteins and phosphopeptide enrichment 
Nuclear and chromatin-associated proteins were isolated exactly as described 

previously in Bigeard et al. 2014 (1). Briefly, the plants were ground with liquid nitrogen 

and resuspended in extraction buffer #1 (0.4 M sucrose, 10 mM Tris-HCl pH 8.0, 10 mM 

MgCl2, 5 mM β-mercaptoethanol, protease inhibitors (Complete cocktail, Roche), and 

phosphatase inhibitors (1 mM NaF, 0.5 mM Na3VO4, 15 mM β-glycerophosphate, 15 

mM 4-nitrophenyl phosphate)). After incubation on ice and filtration with Miracloth, the 

samples were centrifuged for 20 min at 3,400 g at 4°C. The pellets were resuspended in 

extraction buffer #2 (0.25 M sucrose, 10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 5 mM β-

mercaptoethanol, 1% v/v Triton X-100, and protease and phosphatase inhibitors), 

incubated on ice, and centrifuged for 10 min at 12,000 g at 4°C. The pellets were 

resuspended in extraction buffer #3 (1.7 M sucrose, 10 mM Tris-HCl pH 8.0, 2 mM 

MgCl2, 5 mM β-mercaptoethanol, 0.15% v/v Triton X-100, and protease and 

phosphatase inhibitors), layered on the same volume of extraction buffer #3, and 

centrifuged for 30 min at 16,000 g at 4°C. The previous step was repeated a second 

time. The obtained nuclei were then resuspended in low-salt buffer (10 mM Tris-HCl pH 

7.5, 1 mM EDTA, 1 mM NaCl, 1 mM β-mercaptoethanol, and protease and phosphatase 

inhibitors), incubated at 4°C, and centrifuged for 15 min at 16,000 g at 4°C. The pellets 

were then resuspended in high-salt buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 500 

mM NaCl, 1 mM β-mercaptoethanol, and protease and phosphatase inhibitors), 

incubated at 4°C, and centrifuged for 15 min at 16,000 g at 4°C. The supernatants, 

referred to as chromatin fraction, were collected. Protein samples were finally 

precipitated with a trichloroacetic acid/acetone-containing solution. 

HPLC grade acetonitrile (ACN), normapur grade formic acid and acetic acid were 

purchased from VWR. Chromatin fractions were resuspended in 100 µL of buffer 

containing 1 M urea in 100 mM triethylammonium bicarbonate pH 8.5 (T7408, Sigma-

Aldrich). Proteins were then reduced by addition of 10 mM Tris (2-
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carboxyethyl)phosphine (C-4706, Sigma- Aldrich) and incubation at 37°C for 1 h, and 

then alkylated by addition of 20 mM methylmethanethiosulfonate (Sigma-Aldrich) and 

incubation at ambient temperature for 15 min. Proteolysis was performed by adding 

trypsin (sequencing-grade modified porcine trypsin, V511, Promega) at an 

enzyme/substrate ratio of 1:50 w/w and overnight incubation at 37°C. Proteolytic 

peptides were then acidified with acetic acid to reach a pH of about 3 and desalted on 

C18 ultramicrospin columns (74–7206, Harvard Apparatus). They were eluted from the 

C18 phase with 100 µL of 60% v/v ACN and 3% v/v acetic acid to which 100 µL of water 

were added to reach a composition of 30% v/v ACN and 1.5% v/v acetic acid 

compatible with phosphopeptide enrichment on the IMAC resin. Ten microliters of 

packed IMAC resin (PHOS-Select Iron Affinity Gel, Sigma-Aldrich) were washed three 

times with 200 µL of solution 1 (1.5% acetic acid, 30% ACN in water, v/v), prior to 

adding the peptide samples. Phosphopeptide enrichment was obtained by 2 h 

incubation with IMAC beads at 15 rpm on a rotating wheel placed at RT. Subsequently, 

the IMAC resin was pelleted to remove the supernatant. The IMAC resin was then 

washed three times with 200 µL of solution 1 (2 min incubation each time) and once 

with 200 µL of ultra-pure water. The IMAC resin was finally placed on a spin column 

(SigmaPrep spin column SC1000, Sigma Aldrich) and incubated for 3 min in 50 µL of 

400 mM ammonium hydroxide to elute phosphopeptides. After centrifuging, the IMAC 

eluate was mixed with 10 µL of 10% v/v acetic acid to reach a pH of about 6–7. IMAC 

eluates were dried completely in a speed-vac and stored at −80°C until LC-MS/MS 

analysis. 

 

Experimental design and statistical rationale 
Our objective was to identify substrates of MPK3, MPK4 and MPK6 in both normal 

growth conditions and after challenge with a simulated pathogen attack. Four biological 

repeats were obtained for WT plants and three were prepared for mpk3, mpk4 and 

mpk6 mutant plants. Within each biological replicate and for each genotype, one sample 

was treated for 15 min with 1 µM of the peptide flg22 while another one had been mock-

treated with water. 
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LC-MS/MS analyses of phosphopeptide samples and of non-modified peptides 
Two LC-MS/MS runs were usually acquired on the phosphopeptide samples enriched 

from chromatin fractions. The second run excluded from fragmentation the m/z ratios of 

ions having led to peptide identification in the first analysis. The LC-MS coupling 

consisted of a Dual Gradient Ultimate 3000 chromatographic system (Dionex) interfaced 

to an LTQ-Orbitrap XL mass spectrometer (Thermo-Fisher Scientific). Phosphopeptide 

samples were separated on a C18 capillary column (Acclaim PepMap C18, 15 cm 

length x 75 µm I.D. x 3 µm particle size, 100 Å porosity, Dionex) with a gradient starting 

at 100% solvent A (water/ACN/formic acid, 95/5/0.1, v/v/v), ramping to 50% solvent B 

(water/ACN/formic acid, 20/80/0.1, v/v/v) over 60 min, then to 100% solvent B over 3 

min (held 10 min), and finally decreasing to 100% solvent A in 3 min. The Orbitrap was 

operated in positive ionization mode, using the lock mass option (reference ion at m/z 

445.120025). The Orbitrap cell recorded signals between m/z 400 and 1,400 in profile 

mode with a resolution set to 30,000 in MS mode. Peptide ions of charge states >1 were 

fragmented by CID in the linear ion trap. The non-phosphorylated peptides not retained 

on the IMAC resin were also analyzed by LC-MS/MS using the same conditions, to get 

an estimate of the total protein amounts in the different samples. The mass 

spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via PRIDE (2)  partner repository with the dataset identifier PXD009823 and 

10.6019/PXD009823. 

 

MS/MS data interpretation, phosphopeptide and relative protein quantification 
The MS/MS data acquired on phosphopeptides were interpreted using the Mascot 

server v2.2.07 (matrixscience.com), followed by our in-house developed tool FragMixer 

which allows (i) filtering phosphopeptide identifications to be at an estimated 1% FDR 

and (ii) validating precise phosphosite positioning or maintaining ambiguity on 

phosphate group localization based on the Mascot-Delta score (MD-score) to be at an 

estimated False Localization Rate of 5% (3). Mascot searches were performed while 

specifying the following parameters: database TAIR10 (release 2010/12/14, 35386 

sequences); enzymatic specificity: tryptic with two allowed missed cleavages; fixed 

modification of cysteine residues (Methylthio(C)); possible phosphorylation of S, T and 
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Y residues; 5 ppm tolerance on precursor masses and 0.6 Da tolerance on fragment 

ions. The MS/MS data obtained on the non-phosphorylated peptides were interpreted 

with similar parameters, except that the only specified variable modification was 

methionine oxidation. 

Statistical evaluation of the raw relative phosphopeptide abundances was provided by 

the program MassChroQ (4) and performed as follows. To compensate for the variable 

total peptide material injected on–column, each Extracted Ion Chromatogram (XIC) area 

was corrected by the median of the XICs measured in the considered run. We decided 

not to assign a low quantitative value to missing values, because absence of MS signal 

can be biologically meaningful: it can correspond to peptides de novo phosphorylated 

upon flg22 treatment; phosphopeptides specifically missing in one mapk mutant likely 

correspond to specific direct/indirect targets of the considered MAPK. Next, when a 

phosphopeptide was identified from ions of different charge states (e.g. z = 2, 3 and 4), 

each XIC associated to a pair (identified peptide sequence, z), later written in the format 

pepxxx_z, was considered individually. Because samples were analyzed twice by LC-

MS/MS, we attributed to each pepxxx_z the average of the XICs measured in the two 

runs. To extract from the dataset phosphopeptides being fully absent in at least one 

condition, we performed comparisons between WT plants and each mutant, while 

demanding in the four (genotype, treatment) combinations either systematic absence of 

signal, or signal detection in at least two biological repeats. To determine the other 

phosphopeptides whose abundance was significantly modulated by the treatment 

and/or the genotype using a two-way ANOVA, we demanded that a phosphopeptide be 

detected in at least two biological repeats of the four considered (genotype, treatment) 

combinations. We listed in SI Appendix, Dataset S3 all the phosphopeptides thus 

determined to be of varying abundance between genotypes and/or upon flg22 

treatment. Next, we merged into a single table (SI Appendix, Dataset S4) these 

phosphopeptides and proteins into three classes: the MAPK-dependent-only peptides, 

the flg22-dependent-only peptides and the peptides regulated by both factors. To 

estimate the relative abundance of total proteins in the different samples, label-free 

quantification was performed using the program Proline 

(http://www.profiproteomics.fr/proline/) that sums the intensities of tryptic peptides of a 
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given protein. Only proteins quantified by at least three peptides were considered for 

inter-sample comparisons. A two-way ANOVA was performed to identify proteins whose 

abundance was affected by flg22 treatment and/or the absence of a particular MAPK. 

 

PAMP treatments and MG132 treatments 
For PAMP treatments, flg22 synthesized peptide (GenScript Inc.,) was used at 1 μM 

concentration. Water was used for all mock treatments. For MG132 treatments, 14 days 

old seedlings were treated with 50 μM MG132 (Sigma Aldrich M8699) for 2 h and 

ground in liquid nitrogen and used for protein extraction. DMSO was used for mock 

treatments. 

 
PAMP-induced oxidative burst 
Briefly, plants of different genotypes were grown under short day conditions (8h/16h) for 

3 - 4 weeks. For every genotype, 12 leaf discs of 4 mm diameter were made using a 

biopsy punch and floated in 150 μL H2O with their adaxial side up in 96-well microtiter 

plate (Costar, Fisher Scientific) and incubated overnight at 22°C in continuous light to 

reduce the wounding response that arises while making the leaf discs. Then the water 

was replaced with 100 μL of the elicitation solution [10 mg/mL horseradish peroxidase 

(HRP, Sigma-Aldrich), 0.2 μM Luminol (Sigma-Aldrich), 1 μM flg22] to the treated 

samples and without flg22 for the mock treated samples. The luminescence generated 

due to the ROS burst was measured for 40 minutes on a TECAN infinite 200 PRO 

microplate reader (Signal integration time = 0.5 sec) and expressed in relative light units 

(RLU). 

 

Pseudomonas syringae infection studies 
The bacterial strains used in this study was Pseudomonas syringae pv. tomato DC3000 

hrcC (Pst hrcC-) and Pseudomonas syringae pv. tomato DC3000 CUCPB5112 in which 

1.8 kb of hrcC was replaced with nptII from pCPP2988 (A kind gift from Prof. Alan 

Collmer, Cornell University, Ithaca, NY, USA) (5). The strains were grown in NYGA agar 

plate (5 g/L bactopeptone, 3 g/L yeast extract, 20 mL/L glycerol, and 15 g/L agar) 

containing appropriate antibiotics at 280C for 48 h. For bacterial enumeration assays, 
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plants were sprayed with the strain (inoculum: OD600=0.02), suspended in 10 mM MgCl2 

containing 0.001% (v/v) Silwet L-77 (Bio world). Sprayed plants were covered with a 

transparent plastic lid for the remaining time of the experiment. Bacterial titers were 

estimated 2 h and 72 h post infection (hpi). For bacterial titers, leaf discs from three 

different leaves per plant were harvested, surface sterilized, and then bacteria were 

extracted using 10 mM MgCl2 containing 0.04% (v/v) Silwet L-77. Quantification was 

done by plating appropriate dilutions on LB agar media containing rifampicin (50 mg/L) 

and incubated at 28°C for 2 days, after which the bacterial colonies were counted. 

 

Botrytis cinerea infection studies 
Inoculation with Botrytis cinerea (strain: B05.10) for the infection studies was conducted 

on 4-week-old plants by placing a 5 μL droplet of a spore suspension (5*105 spores/mL) 

on each rosette leaf (three fully expanded leaves per plant). Inoculated plants were 

covered with a transparent plastic dome to maintain high humidity and returned to the 

growth chamber for 72 h. For each biological replicate, inoculated leaves from three 

different plants were harvested and pictures were taken for lesion measurements. 

Lesion diameter was measured using ImageJ analysis tool. 

 

RNA extraction  
For the flg22-induced defense gene expression, 14-day-old Arabidopsis WT, ahl13-1, 

OE2 and C8 seedlings grown on 1⁄2 MS agar plates were transferred to liquid 1⁄2 MS 

overnight to recover before treatment. Seedlings were then treated with either 1 μM 

flg22 or water (control) for 1 h. For RNA-seq analysis, 14-day-old WT and ahl13-1 

seedlings were spray inoculated with Pseudomonas syringae pv. tomato DC3000 hrcC 

(Pst hrcC-) for 24 h. Total RNA was extracted using NucleoSpin® Plant RNA kit.  

 

Quantitative RT-PCR (qRT-PCR) analysis 
The cDNA was synthesized from 1 μg of RNA using SuperScript III Reverse 

Transcriptase (Invitrogen/Thermo fisher Scientific) according to the manufacturer’s 

instructions. The quantitative PCR was carried out using SsoAdvanced™ Universal 

SYBR® Green Supermix (Bio-Rad) in the CFX96 Touch™ Real-Time PCR Detection 
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System (Bio-Rad). The relative expression values were determined using ACTIN2 

(At3g18780) and UBIQUITIN10 (At4g05320) as reference genes and comparative 

analysis was carried out by Bio-Rad CFX manager software with the Ct method (2-

ΔΔCt). The normalized gene expression was expressed relative to WT controls in each 

experiment (expression level = 1). Statistical significances are determined with respect 

to WT controls or WT treatments and indicated with asterisks as * for P ≤ 0.05, ** for P ≤ 

0.01, and *** for P ≤ 0.001. Primers are listed in SI Appendix, Dataset S8.  

 
Transcriptome analysis 
For RNA-seq, mRNA sequencing libraries were prepared from 1 μg of total RNA using 

TruSeq Stranded mRNA Library Prep Kit (Illumina). The libraries were pooled together 

and sequenced on Illumina HiSeq4000. Three biological replicates were analyzed for 

each condition. Paired-end sequencing of RNA-Seq samples was performed using 

Illumina GAIIx with a read length of 100 bp. Reads were quality-controlled using 

FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). Trimmomatic 

was used for trimming of adaptor sequences. Parameters for read quality filtering were 

set as follows: Minimum length of 36 bp; Mean Phred quality score greater than 30; 

Leading and trailing bases removal with base quality below 3; Sliding window of 4:15. 

TopHat v2.0.9 was used for alignment of short reads to the A. thaliana genome TAIR10, 

Cufflinks v2.2.0 for transcript assembly. To identify differentially expressed genes, 

specific parameters (p-value: 0.05; statistical correction: Benjamini Hochberg; FDR: 

0.05) in cuffdiff were used. Post-processing and visualization of differential expression 

were done using cummeRbund v2.0.0. Genes were considered as regulated if fold 

change was more than 1.5 and p-value < 0.05 compared to mock condition. Identified 

de-regulated genes were used to generate HCL tree using Multi Experiment Viewer 

(MeV 4.9.0 version, TM4, https://sourceforge.net/projects/mev-tm4/files/mev-tm4/MeV% 

204.9.0/). The raw data were normalized and hierarchical clustering was performed 

under Euclidian distances, average linkage and leaf order optimization. Gene 

enrichment analyses were performed using AgriGO 

(http://systemsbiology.cau.edu.cn/agriGOv2/). 
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Phytohormone measurements  
4-week old plants were mock treated or sprayed with Pst DC3000 hrcC- and after 24 h 

the leaves were harvested and frozen in liquid nitrogen, freeze-dried and ground to a 

fine powder. About 10 mg of ground plant material was extracted with 1.0 ml of 70% 

methanol containing internal standards. The extract was resolved by HPLC (Agilent 

1100 HPLC system, Agilent Technologies, Böblingen, Germany) and quantified using 

an LTQ Iontrap mass spectrometer (Thermo Scientific, Bremen, Germany). The relative 

quanitification was extrapolated using a calibration curve generated using SA, JA and 

JA-Ile standard. 

 
Gene cloning and GatewayTM cloning 
The coding sequence of AHL13 (AT4G17950) was PCR amplified using gene specific 

primers and cloned into pENTR-D/TOPO vector. For functional studies, the genes were 

recombined using Gateway™ LR Clonase reaction (Invitrogen) following the 

manufacturer’s instructions into destination vectors pDEST17 or pDEST-His-MBP for 

recombinant protein expression and GST pull-down assays, into pBIFC1, pBIFC2, 

pBIFC3 and pBIFC4, for bimolecular fluorescence complementation (BiFC) assays, and 

into pGWB5 and pUBN-GFP for subcellular localization and generation of stable 

transgenic lines. All the primers and plasmids used in this study are listed in SI 
Appendix, Dataset S8. 

 
Recombinant protein production and purification 
Protein expression was performed as previously described in Rayapuram et al., (6). In 

brief, AHL13 and the constitutively active MAPKs, carrying mutations in the ATP binding 

pocket (7), were His6-MBP-tagged or GST-tagged, respectively, and were expressed in 

Escherichia coli BL21-AI or Rosetta strains, respectively. Proteins were purified using 

Ni-NTA agarose beads (Invitrogen Cat.No. R901-15) or glutathione sepharoseTM 4B 

beads (GE Healthcare Cat.No. 17-0756-01) following the manufacturer’s indications. 

 

In vitro phosphorylation assays and phosphosite localization 
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Phosphorylation assays were performed as previously reported in Rayapuram et al., (6). 

Briefly, 5 µg of purified recombinant AHL13 protein and 0.5 µg of constitutively active 

MAPKs were mixed together in the kinase reaction buffer (10 mM Tris-HCl pH 7.5, 50 

mM KCl, 5 mM MgCl2, 5 mM EGTA, 1 mM DTT and 50 µM ATP. After 30 min, the 

reaction was stopped by adding SDS-sample buffer and protein samples were resolved 

on SDS-PAGE gel and stained with SimplyBlue™ SafeStain (Novex cat. No. LC6065). 

After excising and de-staining of the band that corresponds to the protein of interest 

from the gel, the proteins were reduced, alkylated and digested with trypsin 

sequentially. The digested peptides were desalted using C18 ZipTip® (Millipore Cat. 

No. ZTC18S096) and analyzed by LC-MS/MS using a Q-Exactive HF instrument. 

Finally, the RAW data files were converted to MGF files using Proteome Discoverer 

interface (version 1.5) and database searches were performed with the Mascot server 

v2.4. 

 

Bimolecular fluorescence complementation (BiFC) assays 
AHL13 and MPK3, MPK4 and MPK6 were cloned into BiFC vectors tagged with N- or 

C-terminal split YFP tags either as N- or C-terminal fusions under the CaMV 35S 

promoter as described in SI Appendix, Dataset S8. The vectors were transformed into 

Agrobacterium tumefaciens C58C1 strain which were then co-infiltrated into 4-week-old 

N. benthamiana leaves as previously described (6). Three days after the infiltration, 

images were obtained using a Zeiss LSM880 laser scanning confocal microscope. 

 

In vitro GST pull-down assays 
Protein lysates of E. coli expressing MAPKs tagged with GST as baits were pre-

incubated with glutathione sepharose 4B Beads (GE healthcare Cat.No. 17-0756-01) in 

incubation buffer for 4 h at 4°C. After washing the beads in the incubation buffer, the 

His6-MBP-tagged AHL13 lysate was added to the beads and incubated for another 1 h. 

The beads were washed and bound proteins were eluted by boiling in SDS-sample 

buffer, separated by SDS-PAGE, and detected by immunoblotting with anti-His antibody 

(Qiagen Penta-His Antibody Cat. No 34660). Blots were visualized by Ponceau-S 
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staining. Protein lysates expressing GST alone and His-MBP were used as negative 

controls for this study. 

 

Subcellular localization in Nicotiana benthamiana and Arabidopsis thaliana 
To monitor the subcellular localization of the different AHL13 versions (WT, phospho-

dead and phospho-mimic), we generated GFP fusions of the different gene versions 

under CaMV 35S promoter or Ubiquitin promoter. They were transformed into N. 

benthamiana along with P19, viral suppressor of gene silencing, by Agrobacterium 

infiltration into the leaf epidermal cells. Subcellular localization was visualized three 

days after transformation using a Zeiss LSM710 laser scanning confocal microscope. 

Subcellular localization in Arabidopsis was performed using 8-day-old roots of stable 

transgenic homozygous lines of Arabidopsis plants overexpressing WT, phosphodead 

and phosphomimic GFP-tagged versions of AHL13. Root tips were stained in 10 μg/mL 

propidium iodide (PI) and observed using a Zeiss LSM 710 laser scanning confocal 

microscope. PI and GFP were visualized using wavelengths of 600–640 nm. and 500–

540 nm, respectively. 
 
Immunoblotting analysis 
Plant materials were frozen in liquid nitrogen in 1.5 mL microcentrifuge tubes together 

with one steel bead (2 mm diameter). Samples were homogenized twice for 1 min at 25 

Hz to a fine powder using a TissueLyser II (Qiagen) whose adaptor racks had been 

cooled in liquid nitrogen. Afterwards, 160 µL of SDS-sample buffer was added to 80 mg 

of the frozen powder. Samples were vortexed and boiled for 10 min at 95oC. The 

samples were centrifuged at 20,000 g for 10 min, the supernatants resolved by SDS-

PAGE using Mini-Protean system (BIO-RAD) at a 15 mA constant amperage, and 

transferred onto ethanol-activated PVDF membranes (GE Healthcare) for 120 min at a 

constant voltage of 100 V. Blots were blocked with 5 % milk in 1 x TBST at RT for 1 h. 

Then, blots were probed with primary antibody (Monoclonal mouse anti-His (Qiagen, 

Hilden, Germany, Penta-His Antibody Cat. No 34660) and Rabbit anti-GFP (Abcam 

ab290)) O/N at 4 °C on a rotary shaker. The membranes were washed three times for 5 

min each with 1 x TBST and then were incubated with the appropriate secondary 
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antibody conjugated to horseradish peroxidase (sheep anti-mouse HRP conjugate (GE 

Healthcare (NXA931V) and goat anti-rabbit HRP conjugate (Promega W4018)) with 2 % 

milk in 1 x TBST for 1 h. The membranes were washed again three times for 5 min each 

with 1 x TBST and the antigen-antibody interactions were detected with enhance 

chemiluminescence reagent (ECL Prime, GE Healthcare RPN2232) using a ChemiDoc 

MP Imaging System (BIO-RAD). Ponceau-S staining of blots was then carried out for 

protein visualization. 
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