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SUMMARY

The secretory pathway is essential for plant immunity, delivering diverse antimicrobial molecules into the

extracellular space. Arabidopsis thaliana soluble N-ethylmaleimide-sensitive-factor attachment protein

receptor SNAP33 is a key actor of this process. The snap33 mutant displays dwarfism and necrotic lesions,

however the molecular determinants of its macroscopic phenotypes remain elusive. Here, we isolated sev-

eral new snap33 mutants that exhibited constitutive cell death and H2O2 accumulation, further defining

snap33 as an autoimmune mutant. We then carried out quantitative transcriptomic and proteomic analyses

showing that numerous defense transcripts and proteins were up-regulated in the snap33 mutant, among

which genes/proteins involved in defense hormone, pattern-triggered immunity, and nucleotide-binding

domain leucine-rich-repeat receptor signaling. qRT-PCR analyses and hormone dosages supported these

results. Furthermore, genetic analyses elucidated the diverse contributions of the main defense hormones

and some nucleotide-binding domain leucine-rich-repeat receptor signaling actors in the establishment of

the snap33 phenotype, emphasizing the preponderant role of salicylic acid over other defense phytohor-

mones. Moreover, the accumulation of pattern-triggered immunity and nucleotide-binding domain leucine-

rich-repeat receptor signaling proteins in the snap33 mutant was confirmed by immunoblotting analyses

and further shown to be salicylic acid-dependent. Collectively, this study unveiled molecular determinants

underlying the Arabidopsis snap33 mutant phenotype and brought new insights into autoimmunity

signaling.

Keywords: SNAP33, autoimmunity, salicylic acid, Arabidopsis thaliana, NLR, ETI, MAPK, PTI, transcrip-

tomics, proteomics.

INTRODUCTION

Plant defense against pathogen attacks relies on constitu-

tive physical and chemical barriers and an inducible

immune system. The latter is activated upon recognition

of pathogen molecules or plant self molecules by cell-

surface and intracellular receptors. The binding of

pathogen-associated molecular patterns (PAMPs) or self-

damage-associated molecular patterns (DAMPs) by cell-

surface pattern-recognition receptors (PRRs) leads to

pattern-triggered immunity (PTI) (Bigeard et al., 2015;

Zipfel, 2014). The detection of pathogen effectors by intra-

cellular nucleotide-binding domain leucine-rich-repeat

receptors (NLRs) leads to effector-triggered immunity (ETI)

(Jones & Dangl, 2006). PRRs can be receptor-like kinases

(RLKs) or receptor-like proteins (RLPs), and NLRs are classi-

fied as sensor coiled-coil (CC) domain-containing NLRs

(CNLs), sensor Toll/interleukin-1 receptor (TIR) domain-

containing NLRs (TNLs) or helper HeLo (HET-S and LOPB)-

like domain-containing NLRs (helper NLRs) (Saur

et al., 2021; Zipfel, 2014). PTI and ETI signaling involve
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different actors in their first steps but then share some com-

mon mechanisms, such as the production of reactive oxy-

gen species (ROS), the activation of mitogen-activated

protein kinases (MAPKs) and defense hormone pathways,

and an important transcriptional reprogramming (Lu &

Tsuda, 2021). PTI and ETI contribute to immediate defense

at pathogen entry sites and can lead to defense priming in

distant tissues, a process known as systemic acquired resis-

tance (SAR) (Vlot et al., 2021; Zeier, 2021). It was recently

reported that PTI and ETI are actually interdependent and

mutually potentiate each other (Ngou, Ahn, et al., 2021;

Pruitt et al., 2021; Tian et al., 2021; Yuan et al., 2021).

Some mutants, often referred to as autoimmune

mutants, exhibit constitutive activation of immunity, which

notably results in stunted growth, macroscopic disease

lesions, and even sometimes the death of the plant before

flowering (Rodriguez et al., 2016; van Wersch et al., 2016).

These genes, whose mutation leads to these autoimmune

phenotypes, seem at first sight to be negative regulators

of immunity. However, many of them were actually shown

to code for gain-of-function NLRs or proteins monitored

by NLRs, their depletion thus leading to constitutive activa-

tion of immunity (Bruggeman et al., 2015; van Wersch

et al., 2016). Genetic analyses of autoimmune mutants have

been instrumental to decipher immune signaling pathways.

Membrane trafficking pathways, such as endocytosis

and exocytosis, are indispensable for the establishment of

an efficient immune response (Gu et al., 2017). Pathogens

thus evolved effectors able to manipulate vesicular traffick-

ing as a strategy for successful infection (Petre et al., 2021;

Toru~no et al., 2016). During defense response, the secre-

tory pathway transports cargoes to the plasma membrane

(PM) and extracellular space, such as proteins and metabo-

lites with antimicrobial activities, and callose to reinforce

the cell wall (Gu et al., 2017). Vesicles transported

for secretion first undergo tethering to the PM, carried out

by the exocyst complex, then fusion to the PM, achieved

by the assembly of a soluble N-ethylmaleimide-sensitive-

factor attachment protein receptor (SNARE) complex (Lipka

et al., 2007; Z�arsk�y et al., 2013).

The Arabidopsis thaliana genome codes for 64 SNARE

proteins classified according to their different

SNARE domains (Gu et al., 2020). A SNARE complex

requires the assembly of an R-SNARE on the vesicle with

several Q-SNAREs on the targeted membrane, which

together form a Qa-, Qb- and Qc-SNARE four-helix bundle

complex (Lipka et al., 2007). In Arabidopsis, three genes

encode mammal SNAP25-like proteins, which possess

both Qb- and Qc-SNARE domains. Among them, SNAP33

is expressed ubiquitously, localizes at the PM and cell

plate, and plays a role in cytokinesis together with Qa-

SNARE SYP111/KNOLLE and R-SNAREs VAMP721 and

VAMP722 (El Kasmi et al., 2013; Heese et al., 2001).

Besides, SNAP33 expression is induced notably by

bacterial, fungal, and oomycete pathogens (Wick

et al., 2003), and SNAP33 assembles with Qa-SNARE

SYP121/PEN1 and R-SNAREs VAMP721 and VAMP722 for

focal secretion at fungal entry sites (Kwon et al., 2008;

Meyer et al., 2009). SNAP33 can also be associated with

several exocyst subunits, including EXO70B1 which con-

tributes to immunity (Pecenkov�a et al., 2011; Zhao

et al., 2015). The snap33 mutant was isolated about

20 years ago and was shown to display dwarfism and

necrotic lesions, reminiscent of autoimmune phenotypes

(Heese et al., 2001). However, the molecular determinants

of snap33 macroscopic phenotypes remain elusive.

Here, we isolated novel snap33 mutant alleles and

showed that snap33 is an autoimmune mutant. Using tran-

scriptomic and proteomic approaches, we then report that

it displays constitutive expression of numerous defense-

related genes and proteins. By targeted genetic analyses,

we show that the snap33 phenotype depends mainly on

the salicylic acid (SA) pathway and that some NLR signal-

ing actors contribute to its establishment. Our results also

indicate that PTI components are primed in this autoim-

mune mutant, in part through SA signaling. Overall, these

findings reveal key molecular determinants underpinning

the Arabidopsis snap33 mutant phenotype and bring novel

insights into autoimmunity signaling.

RESULTS

snap33 mutants exhibit constitutive cell death and H2O2

accumulation

The sole Arabidopsis snap33 mutant described so far was

isolated in the Wassilewskija (Ws) ecotype, and will be

referred to as snap33Ws hereafter (Heese et al., 2001). In

order to create a variety of combinatorial mutants for a

deeper comprehension of the snap33 phenotype, we

decided to isolate snap33 mutants within the Col-0 eco-

type, as most Arabidopsis mutants are available in this

genetic background. Five independent T-DNA insertion

lines were obtained: SALK_075519 (snap33-1), SALK_

063806 (snap33-2), GABI_094E01 (snap33-3), SALK_119791

(snap33-4) and SALK_034227 (snap33-5) (Figure 1a;

Figure S1a). Wild-type (WT) plants out-segregated from

snap33-1+/� heterozygous mutant (called WT-1) were used

as a control in most experiments. A recessive phenotype

co-segregated with the T-DNA insertion in the snap33-1,

snap33-2, and snap33-3 lines, but not in the snap33-4 and

snap33-5 lines (Figure 1b). The snap33-1, snap33-2, and

snap33-3 lines exhibited extreme dwarfism, and spontane-

ous lesion formation, and did not flower under normal

growth conditions, similar to the snap33Ws phenotype

(Figure 1b). RT-PCR analysis of SNAP33 expression in WT-

1 plants and snap33 homozygous mutant plants showed

that the snap33-4 and snap33-5 lines, with a WT-like phe-

notype, expressed SNAP33 at similar levels as WT-1, while
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snap33-1, snap33-2 and snap33-3 lines did not express

SNAP33 (Figure S1b). These results confirm that the severe

phenotype is related to SNAP33 loss of function. The phe-

notype of snap33 is reminiscent of autoimmune mutant

phenotypes (Bruggeman et al., 2015; van Wersch

et al., 2016). In agreement with this, we observed that

snap33 mutants display extensive constitutive cell death

and H2O2 accumulation (Figure 1c). Because the dwarf phe-

notype of autoimmune mutants can be partially or totally

suppressed by high temperature and/or high humidity,

snap33-1 mutant and WT-1 plants were grown at 30°C
under long-day conditions (Figure S1c). The dwarf pheno-

type of snap33-1 plants was partially suppressed by high

temperature, allowing the mutants to produce some rare

seeds. Overall, these results show that snap33 loss of func-

tion mutants are autoimmune mutants.

The snap33-1 mutant displays constitutive expression of

defense-related genes and proteins

To further characterize snap33 mutants and get a broad

picture of the molecular mechanisms associated with their

autoimmunity, we compared the transcriptome of the

snap33-1 mutant and WT-1 plants at 5 days, that is, at an

early stage of development before the onset of dwarfism

and spontaneous lesions, and at 12 days, that is, when the

snap33 characteristic phenotype is well-established

(Figure 2a; Figure S2). RNA-seq data indicated that 2591

and 7998 genes were differentially expressed between

snap33-1 and WT-1 5-day-old and 12-day-old seedlings,

respectively (P-value <0.05) (Figure 2b–d; Data S1). Among

these differentially expressed genes (DEGs), 1662 and 4173

genes were up-regulated at 5 and 12 days, respectively,

with 672 and 2015 genes showing at least a two-fold

change (log2FC ≥1), and 929 and 3825 genes were down-

regulated at 5 and 12 days, respectively, with 175 and 954

genes showing at least a two-fold change (log2FC ≤ �1)

(Figure 2d). These results show that a massive transcrip-

tional reprogramming occurs in the snap33-1 mutant, as

early as in 5-day-old seedlings, yet no apparent macro-

scopic phenotype arises at this stage. To obtain an over-

view of the biological processes affected in the snap33-1

mutant, we conducted gene ontology (GO) analyses of the

DEGs with |log2FC| ≥ 1. Comparison of the up-regulated

genes at 5 and 12 days showed an overlap of 288 genes,

the GO analysis of which revealed enrichment of biological

processes associated with stress response, such as ‘cellu-

lar response to hypoxia’, ‘response to wounding’,

‘response to jasmonic acid’, ‘response to salicylic acid’,

and ‘defense response’ (Figure 2e; Figure S3). GO analysis

of the 384 and 1727 genes that were specifically up-

regulated at 5 and 12 days, respectively, also revealed

enrichment of biological processes involved in stress

response, but with some specificities according to the

growth stage, such as the term ‘plant-type hypersensitive

response’ that was specifically enriched at 12 days

(Figure S3). We delved deeper into this GO term, revealing

that 27 of the 76 genes listed in this GO category were up-

regulated in snap33-1 at 12 days (Figure S4a). These genes

are notably associated with SA and SAR (e.g., SARD1,

CBP60g, PBS3, NPR1, and FMO1) and R protein signaling

(e.g., EDS1, PAD4, NDR1, and ADR1) (Figure S4b). Regard-

ing the down-regulated genes, comparison between the

two growth stages showed an overlap of 44 genes, whose

GO analysis revealed essentially an enrichment of the

terms ‘plant-type cell wall organization’ and ‘wax biosyn-

thetic process’ (Figure S5). The sets of 131 and 910 genes

that were specifically down-regulated at 5 and 12 days,

respectively, were both enriched in terms associated with

growth and development, with notably again terms related

to cell wall organization (Figure S5). One of the main

noticeable specificities between these two sets of genes is

exemplified by the terms ‘brassinosteroid homeostasis’

and ‘brassinosteroid biosynthetic process’ which are spe-

cifically enriched at 5 days.

The RNA-seq data revealed major changes in gene

expression in the snap33-1 mutant, especially at 12 days.

Since proteins are the main executers of biological pro-

cesses, we also compared the proteome of snap33-1

mutant and WT-1 plants at 12 days. Data-independent

acquisition mass spectrometry (DIA-MS) analysis allowed

the identification and quantification of about 8700 protein

groups (Figure S6 and Data S2), representing 56.2% of the

mass spectral library used for the analysis and 31.7% of

the Arabidopsis predicted proteome (Methods S4) (Zhang

et al., 2019). In this study, 1129 unique proteins were iden-

tified as differentially expressed proteins (DEPs) between

the snap33-1 mutant and WT-1 12-day-old seedlings (q-

value <0.01) (Data S2). Among these DEPs, 605 and 524

were up-regulated and down-regulated in the snap33-1

mutant, respectively, with 447 and 169 showing at least a

more stringent 1.5-fold change (|log2FC| ≥ 0.58), respec-

tively (Figure 3a,b; Data S2). GO analyses of the DEPs with

log2FC ≥0.58 indicated that up-regulated proteins were

enriched in processes associated with stress response, the

five most significant terms being ‘systemic acquired resis-

tance’, ‘response to oxidative stress’, ‘response to wound-

ing’, ‘defense response to bacterium’, and ‘response to

jasmonic acid’ (Figure 3c). Conversely, GO analyses of the

DEPs with log2FC ≤ �0.58 showed that down-regulated

proteins were predominantly associated with metabolic

processes, such as ‘hydrogen peroxide catabolic process’,

‘thiamine biosynthetic process’, ‘cellular oxidant detoxifica-

tion’, and ‘photosynthesis’ (Figure S7).

A positive correlation between mRNA and protein

levels is usually observed (Mergner et al., 2020). To

assess this correlation in snap33-1 12-day-old mutant seed-

lings, we compared the 2969 DEGs with |log2FC| ≥ 1

(P-value <0.05) and 616 DEPs with |log2FC| ≥ 0.58 (q-value
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<0.01). An overlap of 247 DEGs/DEPs was found which

showed a high positive correlation between transcript

and protein fold-change levels with a Pearson estimated

measure of association r = 0,75 (P-value = 1.95e�46)

(Figure 3d). The heatmap of the log2FC of these 247 DEGs/-

DEPs similarly revealed this high positive correlation

(Figure S8).

The snap33-1 mutant phenotype mainly depends on the

SA pathway

One of the key features revealed by both the RNA-seq and

DIA-MS data was the enrichment of defense

hormone-related processes in the snap33-1 mutant. Numer-

ous up-regulated genes were indeed associated with the

biosynthesis and response to SA and JA, and a lesser extent

with those of ethylene (ET) (Figure 2e; Figure S3), and sev-

eral up-regulated proteins were involved in the biosynthesis

of these hormones (Figure S9). These three hormones regu-

late specific signaling pathways while also engaging in

crosstalk, collectively forming an intricate signaling network

(Aerts et al., 2021; Altmann et al., 2020). We confirmed by

qRT-PCR that genes involved in SA pathway activation

(CBP60g), synthesis (EDS5), signaling (NPR1) and response

markers (PR1 and PR2), and genes involved in JA-ET signal-

ing (ORA59 and ERF1) and response marker (PDF1.2) were

all up-regulated in the independent snap33-3 mutant

(Figure 4a). The transcript fold-changes of these marker

genes observed by RNA-seq and qRT-PCR were similar,

which overall validated the RNA-seq dataset. Additionally,

the up-regulation of these hormone marker genes sug-

gested that the corresponding hormones accumulated in

the snap33 mutant. We thus measured the levels of SA, its

storage form SA beta-glucoside (SAG), JA, and ET, showing

their elevated accumulation in snap33 mutant plants

(Figure 4b). To investigate the contribution of these three

defense hormones in the phenotype of the snap33 mutant,

we crossed the snap33-1 mutant with sid2-2, a mutant

largely impaired in SA biosynthesis (Dewdney et al., 2000;

Wildermuth et al., 2001), coi1-34, a mutant of the JA recep-

tor (Acosta et al., 2013), and ein2-1, a mutant impaired in ET

signaling (Alonso et al., 1999; Guzm�an & Ecker, 1990). By

measuring the rosette fresh weight (FW) as readout of the

genetic effects of these hormone mutants, we found that

the sid2-2 mutation slightly suppressed the phenotype of

snap33-1, while coi1-34 and ein2-1 mutations had no effect

on the snap33-1 phenotype (Figure 5a,b; Figure S10a).

Because SA, JA, and ET may display antagonistic, synergis-

tic, and additive effects, we also produced snap33-1 sid2-2

coi1-34, snap33-1 sid2-2 ein2-1, and snap33-1 coi1-34 ein2-1

combinatorial mutants. The results indicated a tendency for

a synergistic effect of coi1-34 with sid2-2 to suppress

snap33-1 phenotype, as in average the rosette FW of

snap33-1 sid2-2 coi1-34 plants was higher than the one of

snap33-1 sid2-2 plants, although the statistical test did not

show a significant difference between them (Figure 5a,b;

Figure S10a). Conversely, there was a tendency for an

antagonistic effect of ein2-1 with sid2-2, as in average the

rosette FW of snap33-1 sid2-2 ein2-1 plants was lower than

the one of snap33-1 sid2-2 plants, although the statistical

test did not show a significant difference. In addition, no

suppression of the snap33-1 phenotype was observed with

the combined coi1-34 and ein2-1 mutations. Ultimately, we

created the snap33-1 sid2-2 coi1-34 ein2-1 quadruple

mutant and compared it to previously characterized

mutants, using a larger sample size. The results demon-

strated that snap33-1 sid2-2 coi1-34 triple mutant plants

indeed exhibited a stronger reversion of the snap33-1 phe-

notype compared to snap33-1 sid2-2 double mutants. How-

ever, it is worth noting that the ein2-1 mutation reduces this

phenotypic reversion in the snap33-1 sid2-2 coi1-34 ein2-1

quadruple mutant, aligning with the trend previously

observed in the snap33-1 sid2-2 ein2-1 triple mutant

(Figure 5a,c; Figure S10b). In conclusion, only the sid2-2

mutation, i.e., the SA pathway, had a significant suppres-

sive effect on the snap33-1 phenotype, but with synergistic

and antagonistic effects of coi1-34 and ein2-1 mutations,

respectively.

Besides the partial suppression of the snap33-1

mutant dwarfism by the sid2-2 mutation, the necrotic

lesions were still present in five-week-old snap33-1 sid2-2

plants, similarly as in snap33-1 plants (Figure 5a). How-

ever, the formation of these necrotic lesions was delayed,

as they were hardly visible in 21-day-old plants, and in line

with this, the cell death and H2O2 accumulation were

reduced to the same levels as in WT-1 and sid2-2 seedlings

(Figure 5d). Moreover, PR1 expression exhibited quite

basal levels in 12-day-old snap33-1 sid2-2 mutant plants

(Figure 5e).

In addition to the enrichment of defense hormone-

related processes in the snap33-1 mutant, the RNA-seq and

Figure 1. New snap33 T-DNA mutants were isolated, several of which exhibited dwarfism, cell death, and H2O2 accumulation.

(a) Schematic representation of SNAP33 genomic region (2585 bp) with the location of the T-DNA insertion in the snap33-1, snap33-2, snap33–3, snap33-4, and
snap33-5 mutants. Exons are represented as black boxes, 5’UTR and 3’UTR as white boxes, introns as short lines, and the START and STOP codons are indi-

cated. Triangles indicate the sites of T-DNA insertions.

(b) Representative pictures of 21-day-old seedlings of indicated genotypes. Scale bars represent 1 cm.

(c) 21-day-old snap33-1, snap33-2 and snap33-3 seedlings display cell death (upper pictures) and H2O2 accumulation (lower pictures) as revealed by trypan blue

and DAB stainings, respectively. Cell death appears as dark blue patches and H2O2 accumulation appears as brown patches in the snap33 mutants. Associated

photographs show unstained seedlings. Scale bars represent 2 mm. Three biological replicates were carried out, with similar results. In each biological replicate,

three plants of each genotype were stained.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16647

Molecular determinants of snap33 mutant phenotype 5

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16647 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [01/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 2. RNA-sequencing (RNA-seq) analyses of 5-day-old and 12-day-old WT-1 and snap33-1 mutant seedlings.

(a) Normalized counts of RNA-seq data were submitted to principal component analysis (PCA). Each point represents an RNA-seq sample, i.e. a genotype x age

combination. Sample groups are visualized by different colors, as indicated in the legend. The PCA indicates that the different biological repeats of each condi-

tion were highly similar, showing the high reproducibility of the approach and that snap33-1 and WT-1 samples showed the most remarkable difference at

12 days of growth, as expected from their corresponding macroscopic phenotype. In this study, 12D and 5D, respectively, stand for 12-day-old and 5-day-old

seedlings.

(b) Volcano-plot of DEGs (P-value <0.05) at 5 days.

(c) Volcano-plot of DEGs (P-value <0.05) at 12 days.

(d) Schematic view of up-regulated and down-regulated DEGs identified at 5 and 12 days with P-value <0.05, and among them DEGs with |log2FC| ≥ 1.

(e) GO enrichment analyses of biological processes among the 288 DEGs commonly up-regulated in snap33-1 at 5 and 12 days. The top 20 most significant cate-

gories are represented on the vertical axis and the horizontal axis represents the �log10 (P-value).
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DIA-MS data also revealed the involvement of

SAR (Figures 2e and 3c; Figure S3). Together with SA,

N-hydroxypipecolic acid (NHP) is a critical mobile signal for

the establishment of SAR in plants (Chen et al., 2018; Hart-

mann et al., 2018). We confirmed by qRT-PCR that the

expression of ALD1 and FMO1, two key genes involved in

NHP biosynthesis, were up-regulated in the snap33-3

mutant (Figure 5f). To evaluate how SAR contributes to the

phenotype of snap33 mutant, we crossed snap33-1 with

fmo1-1, a mutant impaired in NHP biosynthesis (Bartsch

et al., 2006). We found that fmo1-1 slightly suppressed the

phenotype of snap33-1, similar to the sid2-2 mutation

(Figure 5g,h; Figure S10c). Given the importance of both SA

and NHP for SAR implementation, we also produced

snap33-1 sid2-2 fmo1-1 triple mutant plants that exhibited

an increased reversion of the snap33-1 phenotype com-

pared to the two double mutants, suggesting an additive/sy-

nergistic effect of SA and NHP (Figure 5g,h; Figure S10c).

SA is produced via two distinct pathways, the isochor-

ismate (IC) pathway and the phenylalanine ammonia-lyase

(PAL) pathway (Ding & Ding, 2020) (Figure 6a). The IC path-

way accounts for most of the SA production, and in this

pathway, isochorismate synthase 1 (ICS1)/SID2 has a major

role compared to its homolog ICS2. The sid2-2 mutation

thus largely impairs the biosynthesis of SA (Nawrath &

M�etraux, 1999). Nonetheless, given the weak suppression

of the snap33-1 phenotype by the sid2-2 mutation

(Figure 5a–c,g,h), we wondered whether SA produced via

the above-mentioned alternative pathways could contribute

to the observed phenotype. We thus crossed snap33-1

Figure 3. DIA-MS analyses of 12-day-old WT-1 and snap33-1 mutant seedlings, and comparison to RNA-seq results.

(a) Volcano-plot of DEPs (q-value <0.01 and |log2FC| ≥ 0.58).

(b) Schematic view of up-regulated and down-regulated DEPs identified at 12 days with q-value <0.01 and |log2FC| ≥ 0.58.

(c) GO enrichment analyses of biological processes among the 447 DEPs up-regulated in snap33-1. The top 20 most significant categories are represented on

the vertical axis and the horizontal axis represents the �log10 (P-value).

(d) Scatter-plot of the overlap of 247 DEGs/DEPs from the sets of DEGs with |log2FC| ≥ 1 (P-value <0.05) and DEPs with |log2FC| ≥ 0.58 (q-value <0.01). The regres-

sion line is indicated in blue and the confidence interval in gray. r denotes the estimated Pearson’s correlation (P-value = 1.95e�46).
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mutant with pbs3-2, a mutant impaired in the production of

SA from the IC pathway (Nobuta et al., 2007), and with a

line ectopically expressing salicylate hydroxylase NahG

(35S::NahG ), a bacterial enzyme which converts SA to cate-

chol (Lawton et al., 1995). We found that the snap33-1

mutant phenotype was slightly suppressed by the pbs3-2

mutation, similarly but unexpectedly a bit less than the

sid2-2 mutation, and was strongly suppressed by NahG

ectopic expression (Figure 6b,c; Figure S11a). Despite the

strong reversion effect of NahG expression, snap33-1 35S::

Figure 4. Genes involved in SA, JA, and ET synthesis and signaling are up-regulated in snap33 mutants, and these hormones exhibit elevated accumulation.

(a) qRT-PCR analyses were carried out to measure the expression of the indicated transcripts in WT-1 and snap33-3 mutant seedlings. The values represent the

fold-changes in comparison to the SAND and ACTIN2 reference transcripts. Three independent biological repeats were performed. The non-parametric Wilcoxon

rank sum test (or Mann–Whitney U test) was used to analyze the data, and P-value <0.05 indicated a statistical difference represented by an asterisk.

(b) Quantifications of SA, SAG, and JA in WT-1 and snap33-1 mutant seedlings were carried out by UPLC-MS/MS analyses. Three independent biological

repeats were performed. Data were analyzed with the Wilcoxon rank sum test, and P-value <0.05 indicated a statistical difference represented by an asterisk. ET

was quantified in WT-1 and three independent snap33 mutants. Four independent biological repeats were performed (except three for snap33-3). Multiple com-

parisons were tested with the non-parametric two-sided Tukey test with a confidence level set to 95% using the nparcomp package in R. Different letters above

box plots indicate a statistical difference (P-value <0.05) between the corresponding genotypes. DW: dry weight; FW: fresh weight; int.: intensity.

Figure 5. snap33-1 mutant phenotype mainly depends on SA phytohormone.

(a) Representative pictures of 35-day-old plants of indicated genotypes assayed in experiments represented in panels (b) and (c). Scale bars represent 1 cm.

(b) Rosette fresh weight (FW) of 35-day-old plants (n = 9–29).
(c) Rosette FW of 35-day-old plants (n = 17–25).
(d) Representative pictures of 21-day-old seedlings stained with trypan blue (top panel, cell death) and DAB (lower panel, H2O2). Cell death appears as dark blue

patches and H2O2 accumulation appears as brown patches. Associated photographs show unstained seedlings. Scale bars represent 2 mm. Three biological rep-

licates were carried out, with similar results. In each biological replicate, three plants of each genotype were stained.

(e,f) qRT-PCR analyses carried out to measure the expression of PR1 (e), and ALD1 and FMO1 (f) transcripts in 12-day-old seedlings of indicated genotypes. The

values represent the fold-changes in comparison to the SAND and ACTIN2 reference transcripts. Three independent biological repeats were performed. For (e),

multiple comparisons were tested with the non-parametric two-sided Tukey test with a confidence level set to 95% using the nparcomp package in R. Different

letters above box plots indicate statistical difference (P-value <0.05) between the corresponding genotypes. For (f), the Wilcoxon rank sum test was used to ana-

lyze the data, and P-value <0.05 indicated a statistical difference represented by an asterisk.

(g) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(h) Rosette FW of 35-day-old plants (n = 19–36).
(b,c,h) Multiple comparisons were tested with the Kruskal–Wallis rank sum test followed by Dunn post hoc tests using the Benjamini–Hochberg method for P-

values adjustment. Different letters above box plots indicate a statistical difference (P-value <0.05) between the corresponding genotypes.
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NahG rosette FW was still significantly lower than the con-

trol genotype rosette FW (Figure S11a). These results

showed that the snap33-1 mutant phenotype mainly

depends on the SA pathway, and suggested that both the

IC and PAL pathways contribute to SA signaling in the

snap33 autoimmune mutant.

Figure 6. Involvement of key actors of SA synthesis and perception in the establishment of snap33-1 mutant phenotype.

(a) Scheme of SA synthesis, perception, and degradation.

(b) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(c) Rosette fresh weight (FW) of 35-day-old plants (n = 24–45). Multiple comparisons were tested with the Kruskal–Wallis rank sum test followed by Dunn post

hoc tests using the Benjamini–Hochberg method for P-values adjustment. Different letters above box plots indicate a statistical difference (P-value <0.05)
between the corresponding genotypes.

(d) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(e) Rosette FW of 35-day-old plants (n = 34–42). The Wilcoxon rank sum test was used to analyze the data, and P-value <0.05 indicated a statistical difference

represented by an asterisk.
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SA is perceived by six NPR receptors (Ngou, Jones, &

Ding, 2021). It was recently shown that SA strengthens the

transcriptional activation function of NPR1 and suppresses

the transcriptional repression function of NPR3 and NPR4

(Ding et al., 2018) (Figure 6a). To assess the contribution of

NPR1 to the snap33-1 phenotype, we crossed snap33-1 with

the npr1-1 loss-of-function mutant (Cao et al., 1997). We

found that the npr1-1 mutation slightly suppressed the phe-

notype of the snap33-1 mutant (Figure 6d,e; Figure S11b),

and the suppression level was seemingly similar to the one

observed with the sid2-2 and pbs3-2 mutations (Figures 5a–
c,g,h and 6b,c). Taken together with the phenotype of

snap33-1 35S::NahG mutant plants, these results suggested

that NPR1 indeed contributes to the phenotype of snap33-1

mutant plants, but also that NPR1-independent, most likely

NPR3/NPR4-dependent signaling pathways also play a role

in the snap33-1 phenotype.

Some NLR signaling components contribute to the

snap33-1 mutant phenotype

Autoimmunity is most often due to the constitutive activa-

tion of an NLR or to the loss of function of a negative reg-

ulator of immunity (van Wersch et al., 2016). Given the

known function of SNAP33 as a Qbc-SNARE involved in

exocytosis, we hypothesized that SNAP33 mutation would

result in the constitutive activation of an NLR, that is, that

SNAP33 would be guarded by a sensor NLR. In this con-

text, the lipase-like domain and EP-domain-containing

protein EDS1, together with the closely related PAD4 and

SAG101, interacts with ADR1 and NRG1 helper NLRs to

propagate signaling downstream TNLs (Lapin et al., 2020;

Ngou et al., 2022). EDS1 was also reported to signal

downstream some non-TNL receptors (Bhandari

et al., 2019; Venugopal et al., 2009). In addition, the

integrin-like protein NDR1 may be necessary to transduce

CNL-triggered signaling, although some CNLs can turn on

defense irrespective of NDR1 (Kapos et al., 2019). All these

ETI signaling genes were up-regulated in 12-day-old

snap33-1 seedlings (Data S1) which we confirmed by qRT-

PCR for the tested ones in snap33-3 (Figure 7a). To evalu-

ate the contribution of NDR1 and EDS1 to the snap33-1

phenotype, we crossed snap33-1 with ndr1-1 and eds1-2

loss-of-function mutants and also generated the snap33-1

ndr1-1 eds1-2 triple mutant (Bartsch et al., 2006; Century

et al., 1997). We found that both eds1-2 and ndr1-1 muta-

tions slightly suppressed the snap33-1 phenotype, simi-

larly but apparently with a better effect in the case of

eds1-2 mutation, and the suppression was even greater in

the snap33-1 ndr1-1 eds1-2 triple mutant (seemingly simi-

lar to snap33-1 sid2-2 double mutant), suggesting an addi-

tive/synergistic effect of ndr1-1 and eds1-2 mutations

(Figure 7b,c; Figure S12a). Overall, these results showed

the involvement of some key NLR signaling actors in the

establishment of the snap33-1 mutant phenotype and thus

suggested that one or several NLR proteins may also be

implicated.

Interestingly, SNAP33 interacts with some protein

partners whose disruption leads to R protein signaling.

Indeed, SNAP33 interacts with the exocyst tethering factor

EXO70B1, and the exo70B1 mutant exhibits an autoim-

mune phenotype due to activation of TIR-NBS2 (TN2), an

atypical TNL lacking the LRR domain, and activation of

CPK5 CDPK (Liu et al., 2017; Zhao et al., 2015). This TN2-

mediated signaling also requires the helper NLRs ADR1s,

which are EDS1 signaling partners (Wang et al., 2021). TN2

transcript was solely detected by RNA-seq in 12-day-old

snap33-1 mutant, and CPK5 was up-regulated at the tran-

script and protein levels by factors of about 1.5 and 2,

respectively (Data S1 and S2). In addition, SNAP33 also

interacts with the Qa-SNARE/syntaxin SYP121/PEN1 to

form a SNARE complex together with the VAMP721 and

VAMP722 R-SNAREs (Kwon et al., 2008). While the syp121

single mutant does not display a marked phenotype, the

syp121 syp122 double mutant exhibits dwarfism and auto-

immunity, which can be suppressed by mutation of

AMSH3, a deubiquitinase whose function is necessary for

immunity mediated by some CNLs (Schultz-Larsen

et al., 2018; Zhang et al., 2007). To investigate the contribu-

tion of CPK5, TN2, and AMSH3 in the phenotype of the

snap33 mutant, we crossed the snap33-1 mutant with

cpk5-1, tn2-1 and amsh3-4 mutants, and generated the

snap33-1 tn2-1 amsh3-4 triple mutant (Boudsocq

et al., 2010; Schultz-Larsen et al., 2018; Zhao et al., 2015).

We found that the tn2-1 mutation had no effect but that

cpk5-1 and amsh3-4 mutations led to a slight suppression

of the snap33-1 phenotype (Figure 7d–g; Figure S12b,c).

Besides, the snap33-1 tn2-1 amsh3-4 triple mutant was not

statistically different from snap33-1 amsh3-4 double

mutant plants, although a tendency for a synergistic effect

of the tn2-1 mutation was observed. Overall, these results

suggested the implication of some unknown CNL(s) linked

to AMSH3, in agreement with the effect of the ndr1-1

mutation observed above, and of the TN2-CPK5 module.

Considering the moderate suppression of the snap33-

1 phenotype by the combined loss-of-function mutations

of NDR1 and EDS1 on one hand, and of TN2 and AMSH3

on the other hand, compared to the strong effect of NahG

expression, we suggest that multiple NLRs could actually

contribute to the snap33 mutant phenotype, with at least

one of them being independent of NDR1 and EDS1 signal-

ing. As NLR activation leads to the up-regulation of other

NLR genes, it was proposed that it could favor the ulterior

activation of those NLRs (Ngou, Jones, & Ding, 2021).

Besides, the sole up-regulation, for instance, of

AT3G04220, AT4G11170, and AT2G32140 NLR genes is suf-

ficient to activate the SA pathway (Lang et al., 2022; Tian

et al., 2021). Therefore, we examined our RNA-seq and

DIA-MS data for the presence of up-regulated NLR genes
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or proteins. We found that 82 NLR genes, out of the 207

coded in Arabidopsis, and two NLR proteins (ZAR1 and

TN8) were up-regulated in 12-day-old snap33-1 seedlings,

including the AT3G04220, AT4G11170, and AT2G32140

NLR genes (Data S1, S2, and S3). These observations thus

suggested that these NLRs could potentially contribute to

the phenotype of snap33 mutants. Some rare R proteins

have been reported to signal independently of EDS1 and

NDR1, such as the ZAR1 singleton-CNL (Adachi et al., 2019;

Lewis et al., 2010). The involvement of such a R protein in

guarding SNAP33 could explain the different reversion

levels in snap33-1 ndr1-1 eds1-2 and snap33-1 35S::NahG

mutants. Interestingly, ZAR1 transcripts and proteins

were about 3 and 4 times more abundant, respectively, in -

snap33-1 compared to WT (Data S1 and S2). This

prompted us to cross snap33-1 with the zar1-3 mutant

(Lewis et al., 2010). However, we did not observe any

reversion effect, suggesting that ZAR1 is not implicated in

guarding SNAP33 (Figure S12d–f).

Accumulation of PTI and ETI signaling proteins and MAPK

priming in the snap33-1 mutant is SA-dependent

The RNA-seq and DIA-MS data revealed that the snap33-1

mutant accumulates key PTI and ETI signaling components

at both the transcript and protein levels (Data S1 and S2).

For instance, the DIA-MS results showed an increased

abundance of several RLKs, MAPKs, and CDPKs

(Figure S13a). Interestingly, it was recently reported that

NLR activation in ETI leads to the accumulation of PTI sig-

naling components, both at the transcript and protein

levels (Ngou, Ahn, et al., 2021; Yuan et al., 2021). To further

support our transcriptomic and proteomic data, and assess

the involvement of SA signaling in the accumulation of

these proteins, we carried out immunoblotting analyses

with antibodies recognizing several key PTI and ETI pro-

teins. We observed that the SA marker PR1 highly accumu-

lated in snap33 mutants but was undetectable in snap33-1

35S::NahG and the control genotypes (Figure 8a;

Figure S13b). The RLP co-receptor SOBIR1, the NADPH oxi-

dase RBOHD, and EDS1 accumulated in snap33 mutants

but this accumulation was reduced in snap33-1 35S::NahG.

Overall, these results showed that PTI and ETI signaling

proteins accumulate in snap33 mutants in a partially SA-

dependent manner.

The accumulation of PTI signaling components

prompted us to evaluate the response of snap33 mutants

to PTI and the involvement of SA signaling in this

response. Given the severity of the snap33 phenotype, we

tested the immune MAPK activation upon treatment with

the MAMP flg22. We observed that the activation of MPK3,

MPK4, and MPK6 was slightly increased in the snap33-1

mutant but that this activation was WT-like in snap33-1

sid2-2 (Figure 8b; Figure S13c). This enhanced activation

was actually correlated to an increased accumulation of

the three MAPK proteins in the snap33-1 mutant

(Figure 8b), further confirming the accumulation of PTI pro-

teins observed above (Figure 8a; Figure S13b). These

results thus showed that MAPK signaling is primed in the

snap33-1 mutant and that this priming is SA-dependent.

The above results notably showed the preponderant

contribution of SA signaling for the establishment of the

macroscopic and molecular snap33 phenotypes. To better

understand this contribution, we measured the SA and

SAG contents in snap33-1 35S::NahG and snap33-1 sid2-2.

Compared to WT and snap33-1, snap33-1 35S::NahG accu-

mulated intermediate amounts of SA, whereas SAG was

hardly detectable (Figure 8c). The absence of PR1 protein

detection observed above in snap33-1 35S::NahG

(Figure 8a) suggests however that there is no active SA sig-

naling. Regarding snap33-1 sid2-2, the mutant accumu-

lated the same levels of SA and SAG as WT (Figure 8c),

suggesting no SA signaling occurs, in agreement with the

basal level of PR1 transcripts observed previously

(Figure 5e). The rosette FW difference observed for

snap33-1 35S::NahG and snap33-1 sid2-2 (Figure 6b,c) thus

suggests that the homeostasis of SA evolves differently

during the development of these two genotypes.

As numerous PTI signaling components were up-

regulated in both the transcriptome and proteome of the

snap33-1 mutant (Figure S13a, Data S1 and S2), it sug-

gested that a PTI-like response might occur at steady state

in the mutant. To examine this hypothesis, although know-

ing that an ETI-like response simultaneously occurs in this

autoimmune mutant, we compared the transcriptome and

Figure 7. snap33-1 mutant phenotype depends on multiple NLR signaling pathways.

(a) qRT-PCR analyses were carried out to measure the expression of NLR signaling genes in 12-day-old WT-1 and snap33-3 mutant seedlings. The values repre-

sent the fold-changes in comparison to the SAND and ACTIN2 reference transcripts. Three independent biological repeats were performed.

(b) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(c) Rosette fresh weight (FW) of 35-day-old plants (n = 21–28).
(d) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(e) Rosette FW of 35-day-old plants (n = 18).

(f) Representative pictures of 35-day-old plants of indicated genotypes. Scale bars represent 1 cm.

(g) Rosette FW of 35-day-old plants (n = 15–23).
(a,e) The Wilcoxon rank sum test was used to analyze the data, and P-value <0.05 indicated a statistical difference represented by an asterisk.

(c,g) Multiple comparisons were tested with the Kruskal–Wallis rank sum test followed by Dunn post hoc tests using the Benjamini–Hochberg method for P-

values adjustment. Different letters above box plots indicate a statistical difference (P-value <0.05) between the corresponding genotypes.
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proteome of the snap33-1 mutant to reported PTI-induced

transcriptome and proteome changes, respectively (Bassal

et al., 2020; Bjornson et al., 2021). In this study, 76.3% (740

out of 970) and 67.7% (63 out of 93) of genes commonly

up- and down-regulated by seven different elicitors,

respectively, were similarly up- and down-regulated in

snap33-1 mutant (Figure S14a and Data S4). In addition,

42.1% (188 out of 447) and 24.3% (41 out of 169) of pro-

teins up- and down-regulated in the snap33-1 mutant were

similarly identified as up- and down-regulated upon flg22

treatment, respectively (Figure S14b and Data S5). Given

the different experimental setups and the technical

Figure 8. Accumulation of PTI and ETI signaling proteins and MAPK priming in snap33-1 mutant is SA-dependent.

(a) Representative immunoblottings of four independent biological repeats carried out on protein extracts from 13-day-old seedlings. In this study, 10 lg pro-

teins were loaded for the anti-PR1 immunoblottings and 30 lg for the other immunoblottings.

(b) Representative immunoblottings of three to four independent biological repeats carried out on protein extracts from 13-day-old seedlings that had been sub-

jected to a 100 nM flg22 treatment kinetics. pMPKi stands for the activated form of MAPKs as revealed by their phosphorylated state using the anti-phospho-p44/

42 MAPK (Erk1/2) (Thr202/Tyr204) monoclonal antibody.

(a,b) Coomassie blue stainings (Coomassie) of blots indicate the equal loading of protein samples. Molecular weights are indicated in kDa on the left of blots.

(c) Absolute and relative quantification of SA (DW: dry weight) and SAG (int.: intensity), respectively, were carried out by UPLC-MS/MS analyses. Three indepen-

dent biological repeats were performed. Multiple comparisons were tested with the non-parametric two-sided Tukey test with a confidence level set to 95%

using the nparcomp package in R. Different letters above box plots indicate a statistical difference (P-value <0.05) between the corresponding genotypes.
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limitations of proteomic approaches, we considered that

these different overlaps were highly significant, supporting

constitutive PTI-like signaling in the snap33-1 mutant.

DISCUSSION

snap33 is an autoimmune mutant

We isolated snap33 knock-out mutants in Col-0 ecotype

(Figure 1a; Figure S1a). Their macroscopic phenotypes

were similar to the one previously reported in Ws ecotype

(snap33Ws), suggesting that the genetic determinants

responsible for their dwarfism and necrotic lesions are

conserved in both ecotypes (Figure 1b). The few reported

elements of snap33 phenotype were reminiscent of auto-

immunity (Heese et al., 2001). We established that snap33

is indeed an autoimmune mutant, exhibiting constitutive

cell death, H2O2 and SA accumulation, and up-regulation

of defense-related transcripts and proteins (Figures 1c, 4a,

b, and 8a). Interestingly, the down-regulation of StSNAP33

from potato Solanum tuberosum leads to a similar pheno-

type, including the development of necrotic regions

and SA accumulation, suggesting that the molecular deter-

minants responsible for the snap33 phenotype are suffi-

ciently conserved in these relatively distant species

(Eschen-Lippold et al., 2012). In the light of our results, we

suggest that down-regulation of StSNAP33 may similarly

lead to NLR signaling in potato.

Massive transcriptional and translational reprogramming

occurs in the snap33 mutant

RNA-seq analyses of the snap33 mutant revealed major

changes compared to WT plants. In this study, 7998 DEGs

were indeed identified in 12-day-old snap33 seedlings

(Figure 2c,d and Data S1). Importantly, 5-day-old snap33

seedlings already displayed 2591 DEGs (Figure 2b,d and

Data S1), meaning that molecular deregulations appear

early, while macroscopic phenotypes still have not arisen.

SNAP33 forms SNARE complexes with the Qa-

SNARE/syntaxin SYP121/PEN1 and the VAMP721 and

VAMP722 R-SNAREs (Kwon et al., 2008). The syp121

syp122 double mutant exhibits a phenotype similar to the

snap33 mutant, although spontaneous lesions appear later,

after 2–3 weeks of growth (Zhang et al., 2007). Interest-

ingly, the transcriptome of syp121 syp122 was reported

(Zhang et al., 2008), and comparison to our data revealed

that 93.6% of the 357 up-regulated genes in 2.5-week-old

syp121 syp122 seedlings were also up-regulated in 12-day-

old snap33 mutant seedlings, suggesting the probable

involvement of similar signaling mechanisms in both

mutants (Figure S15 and Data S6).

We also carried out a large-scale quantitative proteo-

mic analysis which revealed that several hundred proteins

differentially accumulate in the snap33 mutant, with 447

up-regulated and 169 down-regulated proteins showing at

least a 1.5-fold change (Figure 3a,b and Data S2). Interest-

ingly, numerous proteins with unknown or unclear func-

tion highly accumulate in snap33, which suggests their

probable involvement in immune processes.

SA is the main phytohormone contributing to the snap33

phenotype

The RNA-seq and DIA-MS data notably revealed the

enrichment of defense hormone-related processes in the

snap33-1 mutant. The measurement of SA, SAG, JA and

ET contents in snap33 mutants as well as the expression

measurement of key marker genes of these defense hor-

mones confirmed their accumulation and active signaling

(Figure 4a,b). Our systematic genetic analysis underlined

the preponderant role of SA with a synergistic effect of JA

(Figure 5). Of note, the SA-JA antagonism is often docu-

mented, but synergistic effects were also reported, such as

their joint contribution to the RPS2 CNL-mediated ETI (Liu

et al., 2016; Tsuda et al., 2009). Our work highlighted the

constitutive SAR signaling in snap33, which we genetically

confirmed by showing the additive/synergistic effect of SA

and NHP (Figure 5g,h). This additive/synergistic effect

observed in snap33 autoimmune mutant is in agreement

with the mutual amplification loop that SA and NHP estab-

lish during pathogen response to promote SAR (Peng

et al., 2021). As SA can be produced by both the IC and

PAL pathways, we also genetically investigated the contri-

bution of these pathways by comparing the effects of sid2-

2 and pbs3-2 mutations, as well as the ectopic expression

of NahG. The slight and similar effects of sid2-2 and

pbs3-2 mutations compared to the strong effect of NahG

expression suggested that in snap33-1 both the IC and PAL

pathways strongly contribute to SA signaling (Figure 6b,c).

Moreover, we showed that mutation of the key SA receptor

NPR1 only slightly suppressed the snap33-1 phenotype

(Figure 6d,e), suggesting the involvement of other SA

receptors such as NPR3/NPR4 as their roles in SA signaling

was previously established during both PTI and ETI

(Liu et al., 2020). We cannot rule out the possibility that

other SA-binding proteins (SABPs) may also be involved.

Many SABPs were indeed identified, but their contribu-

tions to SA-mediated immunity are still unclear (Klessig

et al., 2016; Peng et al., 2021).

NLR signaling contributes to the snap33 phenotype

Given the autoimmune phenotype of the snap33 mutant

and the strong suppression observed by expressing NahG,

we favored the hypothesis that SNAP33 would be guarded

by NLR(s). We found that ndr1-1 and eds1-2 mutations

slightly suppressed the snap33-1 phenotype, and observed

an additive/synergistic effect with their simultaneous muta-

tions (Figure 7b,c). These results could suggest that

SNAP33 would be guarded by at least one sensor NLR, of

CNL type, but also that NDR1- and EDS1-independent R

� 2024 The Authors.
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signaling would be involved. Some R proteins are believed

to be independent of NDR1 and EDS1, such as the CNLs

ZAR1 and RPP13 (Bittner-Eddy & Beynon, 2001; Lewis

et al., 2010). Moreover, resistance conferred by the CNLs

RPP7 and RPP8 is only slightly suppressed by ndr1-1 eds1-

2 double mutant (McDowell et al., 2000). Alternatively, our

results may suggest that SNAP33 would be guarded by

one or several of these atypical NLRs, leading to SA signal-

ing and then notably to SA-dependent accumulation of

typical NLRs which would signal through EDS1 and NDR1.

Among these atypical CNLs, ZAR1 transcript and protein

levels were up-regulated in snap33-1. We thus examined

the effect of the zar1-3 mutation but did not observe any

reversion of the snap33-1 phenotype (Figure S12d,e). We

conclude that ZAR1 does not guard SNAP33, although

there is still the possibility that an additional atypical NLR

guards SNAP33 or that an NDR1- and EDS1-dependent sig-

naling is triggered, which would prevent to observe

any ZAR1 effect. To test this second hypothesis, one

would need to generate a snap33-1 ndr1-1 eds1-2 zar1-3

quadruple mutant. Besides, AMSH3 activity is necessary

for immunity mediated by the CNLs RPM1 and RPS2

(Schultz-Larsen et al., 2018). As we observed a slight sup-

pressive effect of amsh3-4 on the snap33-1 mutant pheno-

type (Figure 7f,g), these CNLs could also be implicated.

Mutants of SNAP33 protein partners also exhibit

dwarfism and necrotic leaf lesions, although their symp-

toms seem to appear later and be less severe. Indeed, the

syp121 syp122 double mutant and RNAi-silenced lines in

which both VAMP721 and VAMP722 transcript levels are

strongly reduced, grow normally for 2–3 weeks before

necrotic lesions appear and plants display a stunted

growth (Kwon et al., 2008; Zhang et al., 2007). Regarding

the exo70b1 mutant, it develops spontaneous lesions after

5 weeks of growth (Zhao et al., 2015). The syp121 syp122

phenotype was reported to be partially reverted by amsh3

mutations (Schultz-Larsen et al., 2018). We found that the

amsh3-4 mutation led to a seemingly weaker suppression

of the snap33-1 phenotype (Figure 7f,g). Likewise, whereas

the tn2-1 mutation was shown to clearly suppress the

exo70b1 phenotype, tn2-1 alone had no effect on the

snap33-1 phenotype (Figure 7f,g) (Zhao et al., 2015). These

results support the above observations that the snap33

phenotype is more severe than those of the mutants of its

protein partners.

Our results indicate that constitutive R signaling

occurs in the snap33 mutant but do not clearly establish

whether SNAP33 protein itself or its function is guarded. It

is actually interesting to note that Nicotiana benthamiana

SNAP33 might interact with the PexRD12 effector from the

potato blight pathogen Phytophthora infestans, as was

reported from co-immunoprecipitation analyses, although

this interaction deserves further investigations (Petre

et al., 2021). Besides, EXO70B1 was shown to be the direct

target of Pseudomonas syringae AvrPtoB and Xanthomo-

nas campestris XopP effectors (Michalopoulou et al., 2022;

Wang et al., 2019). AvrPtoB is an E3 ligase that ubiquiti-

nates EXO70B1 thus leading to its degradation via the 26S

proteasome, and XopP binds EXO70B1 and hence blocks

exocyst-dependent exocytosis.

Accumulation of PTI proteins in the snap33-1 mutant is

SA-dependent

We observed in the RNA-seq and DIA-MS data that the

snap33-1 mutant accumulated PTI signaling components. It

was recently reported that ETI activated by TNLs or CNLs

leads to the accumulation of PTI signaling components

(Ngou, Ahn, et al., 2021; Yuan et al., 2021). It was thus not so

surprising to observe the same in a mutant exhibiting con-

stitutive ETI-like responses. However, we additionally

showed that this accumulation at the protein level was only

partly SA-dependent (Figure 8a). Interestingly, a report

showed that transcripts of several PTI (e.g., PRRs, MAPKs,

and CDPKs) and ETI (e.g., EDS1, NDR1, and ZAR1) signaling

components accumulate in response to a 1 h SA treatment

(Ding et al., 2018). It would thus be interesting to verify that

this accumulation of PTI components is likewise SA-

dependent in classical NLR-triggered ETI responses, and,

besides SA signaling, decipher the mechanism, of how ETI

responses and accumulation of PTI components are linked.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Full descriptions of generated and used plant lines, as well as their
growth conditions, are shown in Methods S1 and Table S1.

Trypan blue and DAB stainings

Trypan blue and 3,30-diaminobenzidine (DAB) stainings were car-
ried out on 21-day-old seedlings. Three independent biological
repeats were performed. Details are included in Methods S2.

RNA-sequencing analyses

Three independent biological replicates of 5-day-old and
12-day-old WT-1 and snap33-1 mutant seedlings were produced.
RNA-seq libraries were constructed from total RNA by the POPS
platform (IPS2). Differential expression analysis was performed
using the Bioconductor package edgeR (v 3.26.8). The differential
analysis was based on a negative binomial generalized log-linear
model (GLM). Genes with an adjusted P-value (FDR, Benjamini–
Hochberg adjustment [Benjamini & Hochberg, 1995]) below 0.05
were considered as differentially expressed genes (DEGs). A full
description is presented in Methods S3.

DIA-MS analyses

Three independent biological replicates of 12-day-old WT-1 and
snap33-1 mutant seedlings were produced. Total proteins were
digested and further prepared for data-independent acquisition
mass spectrometry (DIA-MS) analysis. Data were analyzed using
Spectronaut software (v 14) to identify and quantify peptides and

� 2024 The Authors.
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proteins. A paired Student’s t test, based on the log2 ratios of the
peptide intensities of the individual peptides of a protein, was per-
formed to uncover differential expression between samples.
Resulting P-values were corrected for multiple testing using the q-
value approach to control the overall FDR. Proteins with a q-value
<0.01 were considered as differentially expressed proteins (DEPs).
Details are included in Methods S4.

qRT-PCR experiments

For quantitative reverse transcription-PCR (qRT-PCR) analyses,
three independent biological repeats were performed. Differences
were tested with the non-parametric Wilcoxon rank sum test, and
P-value <0.05 indicated a statistical difference. A full description is
presented in Methods S5 and used primers are listed in Table S2.

Phytohormone measurements

Quantifications of salicylic acid (SA), SA O-glucoside (SAG) and
jasmonic acid (JA) were performed by UPLC-MS/MS analyses,
and ethylene (ET) measurements were carried out as described by
Thain et al. (Thain et al., 2004). At least three independent biologi-
cal repeats were performed. Two-sample differences were tested
with the non-parametric Wilcoxon rank sum test, and P-value
<0.05 indicated a statistical difference. Multiple (>2) comparisons
were tested with the non-parametric two-sided Tukey test with a
confidence level set to 95% using the nparcomp package in R
(Konietschke et al., 2015). Detailed descriptions are shown in
Methods S6.

Rosette fresh weight measurements

Plant rosettes were cut and individually weighed. Due to the
severe effect of the snap33-1 mutation on phenotypes, genotypes
containing the snap33-1 mutation were compared together, and
control genotypes were compared together separately. Multiple
(>2) comparisons were tested with the non-parametric Kruskal-
Wallis rank sum test followed by Dunn post hoc tests using the
Benjamini–Hochberg method for P-values adjustment, and P-value
<0.05 indicated a statistical difference. Details are presented in
Methods S7.

Gene ontology analyses

Gene ontology (GO) analyses were performed as described by
Alexa et al. (Alexa et al., 2006).

Immunoblotting assays

Protein extracts from 13-day-old seedlings were subjected to
immunoblotting assays using various primary antibodies. Three
to four independent biological replicates were performed. Details
are included in Methods S8.

ACCESSION NUMBERS

Accession numbers of genes experimentally associated

with this work are listed in Table S3.
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