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Summary 22 

Effective plant immunity requires precise spatial coordination of immune responses across cell-23 
types to restrict pathogens while preventing tissue damage, yet the intracellular pathways that 24 
organize this spatial architecture remain unknown. Here we show that autophagy serves as a 25 
spatial coordinator of immunity, partitioning and calibrating immune strategies across tissues 26 
during Pseudomonas syringae infection in Arabidopsis thaliana. Combining single-cell 27 
transcriptomics, cell-type-specific complementation, and live-cell imaging, we uncover distinct 28 
and opposing roles of autophagy across tissues. In guard cells, autophagy promotes pathogen-29 
induced stomatal reopening by suppressing abscisic acid (ABA) signalling in part via 30 
autophagic turnover of the guard cell ABA receptor PYL4. In contrast, in mesophyll cells, 31 
autophagy restricts immune activation while simultaneously enabling effective immune 32 
execution: its loss enhances EDS1-PAD4-ADR1 pathway expression yet compromises PTI 33 
outputs. Mechanistically, bacterial infection triggers autophagic EDS1 turnover, supporting a 34 
model in which controlled EDS1 recycling facilitates HR elicitation. Cell-type-specific 35 
complementation reveals that PTI competence may involve coordinated autophagy across 36 
tissues, whereas mesophyll-autonomous autophagy is partially sufficient for HR execution. 37 
Together, these findings establish a framework in which spatial control of proteostasis 38 
orchestrates multicellular immune coordination, with broad implications for understanding how 39 
conserved degradation pathways regulate layered immunity across organisms. 40 
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Main 42 

Plant immune defences must be robust enough to stop pathogen proliferation yet carefully 43 
controlled to avoid overactivation, requiring an intricate and multilayered immune system. In 44 
the first layer, pathogen-associated molecular patterns (PAMPs) are perceived by cell surface 45 
receptors to activate pattern-triggered immunity (PTI), leading to transcriptional 46 
reprogramming and stomatal closure to limit bacterial entry into the apoplast1. Adapted 47 
pathogens overcome PTI by delivering effector proteins into host cells that can subvert this first 48 
layer of defence and promote infection2. In turn, plants evolved the ability to monitor some of 49 
these effectors by intracellular immune receptors that activate effector-triggered immunity 50 
(ETI)1. ETI amplifies PTI outputs and is frequently accompanied by the hypersensitive response 51 
(HR), a localized cell death that restricts pathogen growth at the infection site3. Accumulating 52 
evidence indicates that PTI and ETI are not independent immune layers but instead mutually 53 
potentiate each other to generate more robust defence outputs3–6. However, the cellular 54 
pathways that coordinate this immune potentiation remain poorly understood. 55 

The complex molecular mechanisms during plant immunity require a high degree of proteomic 56 
flexibility. As such, cellular proteostasis pathways such as autophagy have emerged as 57 
important regulators of plant–microbe interactions7,8. Autophagy is a conserved degradation 58 
pathway that delivers cytoplasmic content to the vacuole for degradation9. Autophagy has also 59 
emerged as a central player in plant-microbe interactions, where it can be exploited by 60 
pathogens and is involved in the induction of pathogen-associated cell death10–12. However, at 61 
the same time, canonical PTI outputs are not altered in autophagy mutants13, although these 62 
early studies did not account for the cell-type heterogeneity during plant immune reactions14.  63 

One explanation for this ambiguity may lie in the spatial organization of plant defence 64 
responses. During infections, bacterial pathogens such as Pseudomonas syringae pv. tomato 65 
DC3000 (Pst) enter leaves predominantly through stomata, making guard cells the first barrier 66 
encountered by the pathogen15. While stomatal closure restricts bacterial invasion, successful 67 
pathogens can actively induce stomatal reopening to enter the host16. At later stages of infection, 68 
mesophyll cells mount immune responses that aim at preventing bacterial proliferation from 69 
within17. These observations suggest that immune responses are spatially organized across 70 
tissues and cell types during infection. However, how intracellular pathways coordinate these 71 
distinct immune programs remains largely unknown. 72 

Recent advances in single-cell transcriptomics have revealed extensive heterogeneity in plant 73 
immune responses, with individual cell populations adopting distinct transcriptional states17–19. 74 
As such, plant immunity is spatially organized at cellular resolution rather than uniformly 75 
distributed across tissues and cell types. However, most single-cell analyses provide limited 76 
insight into the cellular pathways that could control spatial organization and thereby regulate 77 
these heterogeneous immune states. Therefore, whether and how intracellular regulatory 78 
mechanisms, including degradation pathways, shape cell-type-specific immune responses 79 
during infection remains elusive.  80 

Here, we combine single-cell RNA sequencing, cell-type-specific genetic complementation, 81 
and live-cell imaging to investigate the role of autophagy during Pseudomonas syringae 82 
infection in Arabidopsis thaliana at the cellular resolution. Our analyses reveal that autophagy 83 
performs distinct functions across different tissues during bacterial infection. In guard cells, 84 
autophagy promotes pathogen-induced stomatal reopening through selective degradation of the 85 
ABA receptor PYR1-LIKE PROTEIN 4 (PYL4). In contrast, autophagy deficiency primes 86 
immune responses in mesophyll cells, resulting in constitutive activation of the immunity-87 
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related ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1)-PHYTOALEXIN DEFICIENT 88 
4 (PAD4)-ACTIVATED DISEASE RESISTANCE 1 (ADR1) pathway. However, despite 89 
elevated EDS1-dependent signalling, canonical PTI outputs and ETI execution remain 90 
compromised. Cell-type-specific complementation reveals that PTI competence may involve 91 
coordinated autophagy across tissues, whereas mesophyll-autonomous autophagy is partially 92 
sufficient for HR execution. Mechanistically, we show that bacterial infection itself triggers the 93 
autophagic degradation of EDS1, and that this controlled turnover is essential for productive 94 
immune execution. Together, our findings identify autophagy as a spatial organizer that 95 
partitions immune strategies across plant tissues during infection and contributes to both 96 
pathogen-mediated stomata reopening and EDS1-dependent convergence of cell-surface and 97 
intracellular immune perception. 98 

Results 99 
 100 
Autophagy acts in a cell-type-specific manner  101 
 102 
Previous studies reported contrasting roles of autophagy in plant–microbe interactions, 103 
including functions that promote susceptibility20–23, likely because pathogen infection strategies 104 
and cell type–specific immune responses were not considered, features only recently resolved 105 
by single-cell transcriptomics14. Since Pst enters through stomata to then proliferate at later 106 
stages of infection in the mesophyll, we asked whether autophagy spatially organizes immune 107 
responses at this first line of defence. 108 
Autophagy-deficient atg5 and nonuple atg8 mutants showed reduced bacterial growth upon dip 109 
inoculation (Fig. 1a), a phenotype compromised by syringe infiltration that bypasses stomatal 110 
entry (Extended Data Fig. 1a). Conversely, autophagy deficiency enhanced disease-related 111 
chlorosis upon infiltration, indicating a possible distinct function in mesophyll cells (Extended 112 
Data Fig. 1b). These results suggest cell-autonomous roles of autophagy in both guard and 113 
mesophyll cells. To further investigate this, we used a transcriptional reporter, pATG8e::nls-114 
3xGFP, and observed rapid autophagy induction across cell types at 6 hours post infection (hpi), 115 
followed by sustained activation in mesophyll cells but attenuation in guard cells at 48 hpi (Fig. 116 
1b). Together with the guard cell–specific expression and infection-induced upregulation of 117 
ATG8c24(Extended Data Fig. 1c), these data indicate that Pst infection elicits distinct autophagy 118 
dynamics across cell types, suggesting that autophagy may contribute to the spatial regulation 119 
of immune responses. 120 

To resolve the cell type–specific role of autophagy in plant-bacteria interactions, we performed 121 
single-cell RNA sequencing (scRNA-seq) of Col-0 and atg5 at early (3 hpi) and late (2 dpi) 122 
stages of Pst infection (Fig. 1c). Across eight samples, we obtained 54,039 high-quality cells 123 
and resolved distinct cell types (Fig. 1d). Several clusters were selectively enriched in the 124 
mutant or at specific infection stages (Extended Data Fig. 1d), indicating that clustering 125 
captured discrete cell states shaped by pathogen challenge and genotype. Marker gene 126 
identification (Table S1) followed by Gene Ontology (GO) enrichment revealed that mesophyll 127 
cluster M8 was enriched for disease-related genes associated JA responses (Fig. 1e; Extended 128 
Data Fig. 1e), whereas M11 was associated with response to bacteria, SA genes (Fig. 1f). Both 129 
clusters were predominantly observed at 2 dpi after Pst treatment (Extended Data Fig. 1f), 130 
indicating that these cells were actively responding to bacteria. This was further supported by 131 
elevated expression of canonical immunity genes in M11 and disease-associated genes in M8 132 
(Fig. 1f). Integration with a published scRNA-seq dataset of Pst-infected tissue showed that 133 
M11 co-clustered with previously defined immunity-associated states (M1–M3), whereas M8 134 
aligned with susceptible states (M4–M5) (Extended Data Fig. 1g). Together, these data define 135 
M11 as an immunity-associated and M8 as a disease-associated cell state. We next computed a 136 
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signature score (“Pst-responsive score”) to quantify the impact of infection at single-cell 137 
resolution, using module scores derived from genes identified as differentially expressed in our 138 
bulk RNA-seq dataset (Table S2). Cells with high Pst-responsive scores were strongly enriched 139 
in infected samples at both 3 hpi and 2 dpi (Fig. 1g). Notably, a subset of cells in mock-treated 140 
atg5 already displayed elevated scores, indicating a constitutively pre-activated immune state 141 
in the absence of pathogen (Fig. 1g). To further characterize this pre-activation, we identified 142 
differentially expressed genes (DEGs) upregulated in atg5 compared to Col-0 across cell types 143 
under mock conditions (Extended Data Fig. 1h; Table S3). Shared DEGs across all cell types 144 
were strongly enriched for responses to bacteria. In contrast, cell type–specific DEGs revealed 145 
distinct signatures: mesophyll cells were enriched for salicylic acid (SA)-related processes, 146 
guard cells for ABA responses, and epidermal cells for ethylene- and jasmonic acid (JA)-147 
mediated signalling (Extended Data Fig. 1h), highlighting the role of autophagy in cell type–148 
specific defence strategies. 149 

Consistent with the emergence of cell type–specific defence strategies, we next focused on 150 
guard cells to corroborate our findings that autophagy regulates the contribution of stomata to 151 
plant immunity. We resolved two guard cell clusters defined by established developmental 152 
markers (Extended Data Fig. 2a). The G16 cluster comprised cells from both Col-0 and atg5 153 
and aligned with guard cells from the integrated reference dataset (Extended Data Fig. 1g), 154 
whereas GC20 was predominantly composed of atg5-derived cells (Fig. 1h; Extended Data Fig. 155 
1d), suggesting a mutant-specific guard cell state. To assess whether this shift reflects altered 156 
guard cell development, we introduced pSCAP1::nls-mTurquoise2 and pFAMA::gFAMA-YFP 157 
reporters into the atg5 background25. Both markers showed increased expression in atg5 (Fig. 158 
1i; Extended Data Fig. 2b), consistent with altered guard cell developmental regulation in the 159 
mutant and potentially explaining the increased guard cell abundance in the mutant. Strikingly, 160 
genes enriched in GC20 relative to G16 were associated with stress-responsive pathways, 161 
including hypoxia, bacterial defence, and ABA signalling (Extended Data Fig. 2c), indicating 162 
a defence-activated guard cell state. Focusing on GC20-specific signatures, we identified atg5-163 
enriched genes with high expression in this cluster (Table S4). Among these, members of the 164 
SERINE-RICH ENDOGENOUS PEPTIDES (SCOOP) family, known to trigger reactive 165 
oxygen species (ROS) production, Ca²⁺ signalling, and immunity26–28, were prominently 166 
represented, with SCOOP14 highly expressed in GC20, E17, and the immune-associated 167 
mesophyll cluster M11 (Extended Data Fig. 2d, e). Reporter analysis (pSCOOP14::nls-3xGFP) 168 
confirmed elevated expression in atg5 guard cells (Extended Data Fig. 2h,i). In addition, the 169 
NAC transcription factor NAC6/ORE1/NAC092, previously linked to stress responses and age-170 
dependent cell death29,30 showed strong and specific expression in GC20 and was elevated in 171 
atg5 (Extended Data Fig. 2f, g). This was validated using a pNAC6::nls-3xGFP reporter, which 172 
also revealed induction upon Pst infection (Fig. 1j; Extended Data Fig. 2j, k). Together, these 173 
data indicate that autophagy deficiency drives the emergence of a distinct, defence-primed 174 
guard cell state. 175 

Autophagy promotes stomatal opening during infection 176 

Considering the contrasting bacterial growth phenotypes and the distinct guard cell-specific 177 
defence state we observed in autophagy deficient plants, we sought to investigate the expression 178 
of autophagy-related genes (ATGs) in guard cells. Utilizing our scRNA-seq data, we observed 179 
prominent expression of most ATGs in guard cells than in other cell types, supporting our 180 
findings that autophagy plays a specific role in guard cells (Fig 2a). Given that stomatal 181 
immunity is critical for limiting Pst invasion, we next assessed stomatal aperture in atg5 during 182 
infection. Similar to Col-0, stomata in atg5 closed at 1 hpi; however, re-opening was impaired 183 
at 3 hpi, a critical window for bacterial invasion31 (Fig. 2b; Extended Data Fig. 3a). 184 
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In parallel, we identified a mesophyll cluster (M14) specifically enriched in 3 hpi–infected 185 
samples (Extended Data Fig. 1d). Marker gene analysis revealed enrichment for stress-related 186 
processes, including hypoxia, wounding, and ethylene signalling (Extended Data Fig. 3b), 187 
suggesting that M14 represents an early-responsive mesophyll population encountering 188 
invading bacteria. Notably, this cluster was less enriched in atg5 at 3 hpi, consistent with 189 
impaired stomatal re-opening of autophagy deficient mutants limiting bacterial entry and 190 
consequently reducing early mesophyll engagement.  191 

To further investigate the cell-type-specific role of autophagy, we introduced the coding 192 
sequence (CDS) of ATG5 driven by distinct cell-type promoters into the atg5 mutant 193 
background (Extended Data Fig. 3c). We observed that the pUBI::ATG5-GFP (constitutive), 194 
pML1::ATG5-GFP (epidermis-specific) and pGC1:: ATG5-GFP (guard cell-specific) lines 195 
could rescue the enhanced resistance phenotype of atg5, whereas pLhca6::ATG5-GFP 196 
(mesophyll-specific)  and pMAP18::ATG5-GFP (root-specific) lines behaved like the atg5 197 
mutant (Fig 2c, Extended Data Fig. 3d). This was also consistent with the stomatal aperture 198 
measurements, since we found that the expression of pGC1::ATG5-GFP and pUBI::ATG5-199 
GFP in atg5 restored the stomatal re-opening phenotypes, whereas the pMAP18::ATG5-GFP 200 
atg5 complementation line maintained smaller stomatal apertures upon Pst infection similar to 201 
the atg5 mutant (Fig. 2d). In contrast, only mesophyll-driven atg5 complementation prevented 202 
enhanced tissue collapse and chlorosis after syringe infiltration while guard cell-specific 203 
complementation did not (Fig. 2e), indicating autophagy may partition defence responses 204 
between guard cells and mesophyll. 205 

To assess whether this cell-type-specific response is distinct to infection or other physiological 206 
functions of autophagy, we monitored early senescence phenotypes for the same lines and 207 
subjected them to nutrient starvation. Our analysis revealed that pUBI::, pML1::and pLhca6 208 
driven ATG5-GFP expression fully complemented these phenotypes, whereas the pGC1:: or 209 
pMAP18::ATG5-GFP did not or only partially complemented these phenotypes (Extended Data 210 
Fig. 3e-g). Linear regression analysis revealed a moderate, but non-significant, positive 211 
relationship between bacterial growth and carbon starvation complementation across promoters 212 
(Fig. 2f). However, the relative performance of individual promoters differed markedly 213 
between the two phenotypes (immune response and carbon starvation), indicating tissue-214 
specific functional specialization (Fig. 2f). Promoters deviating from the regression line 215 
displayed preferential complementation effects: pLhca6, positioned above the line, conferred 216 
stronger rescue under carbon starvation, whereas pGC1, below the line, showed the opposite 217 
trend. Notably, pGC1 restored bacterial growth to near wild-type levels but failed to rescue 218 
chlorophyll retention, suggesting that guard cell–specific autophagy contributes to plant–219 
pathogen interactions in a manner that is uncoupled from bulk leaf autophagic activity, which 220 
seems to be majorly executed by mesophyll and epidermal cells. 221 

Autophagy fine-tunes ABA activity by recycling a guard cell-specific ABA receptor 222 
 223 
Given the role of ABA in regulating stomatal closure during infection16 and the enrichment of 224 
ABA-related genes in the guard cell cluster GC20 in atg5 (Extended Data Fig 1h), we 225 
investigated whether autophagy mediates stomatal re-opening in an ABA-dependent manner. 226 
We first  assessed the role of reduced ABA signalling in Pst-induced stomatal re-opening and 227 
analysed mutants with constitutively elevated ABA levels or responses: cyp707a-1 (defective 228 
in ABA catabolism), shown to be essential for stomatal opening and Pst invasion32,33, and ahg3-229 
2 (ABA-hypersensitive)34,35. In both mutants, Pst-triggered stomatal reopening at 3 hpi was 230 
abolished (Extended Data Fig. 4a). Consistently, exogenous ABA application prevented 231 
stomatal re-opening upon infection (Extended Data Fig. 4b). Next, we generated double 232 
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mutants with the ABA-deficient aba2-116 and the ABA signalling mutant ost1-336and revealed 233 
that reduced ABA signalling could restore the re-opening defect in atg5 (Fig. 3a). This was 234 
further supported by pharmacological inhibition of ABA biosynthesis, as fluridone treatment 235 
partially rescued the atg5 stomatal phenotype (Extended Data Fig. 4c). Taken together, our data 236 
demonstrate that autophagy promotes stomatal re-opening by suppressing the activity of ABA 237 
pathways during infection.  238 
Sustained ABA activity requires tight control of receptor abundance and localization, as ABA 239 
receptors (PYR/PYL/RCAR) undergo continuous ubiquitination-dependent trafficking and 240 
degradation via endosomal–vacuolar pathways37. Considering the role of autophagy as a 241 
vacuolar degradation pathway, we hypothesized it could recycle ABA receptors that have been 242 
previously described to be degraded in the vacuole38,39. To this end, we assessed ABA receptor 243 
protein levels in autophagy-defective mutants and found that PYR1, PYL3 and PYL4 244 
accumulated in atg2 and atg5 (Fig. 3b, Extended Data Fig. 4d). Given that PYL4 is 245 
predominantly expressed in guard cells according to our scRNA-seq data (Extended Data Fig. 246 
4e), we focused on this receptor and confirmed its accumulation across additional autophagy 247 
mutants (Fig. 3b). Consistently, the reporter line pPYL4::nls-3xGFP showed dominant 248 
expression in guard cells compared to other epidermal cells (Extended Data Fig. 4f), with a 249 
modest increase at the transcript level in atg5 (Extended Data Fig. 4g). To test whether PYL4 250 
is targeted by autophagy during infection, we quantified the ratio of free GFP to full-length 251 
GFP–PYL4 as a proxy for degradation. Upon Pst infection, free GFP accumulated, indicating 252 
enhanced PYL4 turnover (Fig. 3e). In atg5, basal degradation was reduced and Pst-induced 253 
turnover was impaired, as reflected by a lower free GFP/GFP–PYL4 ratio under both mock and 254 
infection conditions (Fig. 3c). In accordance with this, Pst induced the formation of punctate 255 
GFP–PYL4 structures in guard cells, co-localizing with mCherry-ATG8E (Fig. 3d, f), which 256 
accumulated in the vacuole upon concanamycin A (ConA) treatment, indicating autophagic 257 
delivery. In contrast, these structures were absent in atg5 and did not further accumulate after 258 
Pst infection under concanamycin A treatment (Fig. 3d and e), supporting the notion that PYL4, 259 
and possibly additional ABA receptors, are degraded by autophagy, thereby regulating ABA 260 
responsiveness and facilitating stomatal re-opening during bacterial infection. 261 
PYL4 has been reported to undergo vacuolar degradation via the late endosome pathway, with 262 
the ESCRT-III–associated protein ALIX acting as an adaptor38. Since ALIX also resides in a 263 
complex with ATG8 during salt stress40,  that can rapidly increase ABA levels, we hypothesized 264 
that ALIX may also link PYL4 to the autophagy machinery. In line with this, we observed that 265 
ALIX interacts with ATG8 in co-immunoprecipitation assays and co-localizes with ATG8-266 
labelled structures (Extended Data Fig. 4h, i), supporting a role at the interface of endosomal 267 
trafficking and autophagy. To test the functional relevance of this, we examined the response of 268 
the alix mutant to Pst infection. Strikingly, Pst-induced stomatal reopening was abolished in 269 
alix (Extended Data Fig. 4j), phenocopying the defect observed in autophagy mutants. Together, 270 
these results support a working model in which autophagy contributes to PYL4 turnover, likely 271 
acting through the ALIX-ATG8 node, thereby enabling stomatal re-opening during Pst 272 
infection. 273 
 274 
Autophagy alters immune gene response in the mesophyll 275 
 276 
Together, our findings so far establish a guard cell–specific role of autophagy in controlling 277 
pathogen entry. When this barrier is bypassed, however, autophagy-deficient plants display 278 
enhanced chlorosis and less bacterial growth (Extended Data Fig 1b), indicating that autophagy 279 
deficiency confers a robust defense strategy that extends beyond the guard cell, likely within 280 
mesophyll tissue. Consistent with this idea, our single-cell analysis uncovered specific 281 
autophagy-dependent immune states across cell types, including defence- and disease-282 
associated mesophyll populations (Fig 1f). To define the mesophyll-specific defence 283 
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mechanism, we focused on the immunity-associated cluster M11. Notably, a population of cells 284 
with high Pst-responsive scores was already present in mock-treated atg5 but practically absent 285 
in mock-treated Col-0 (Fig. 4a), indicating an atg5-specific pre-activated immune state. 286 
Detailed analysis of these cells revealed a set of genes associated with enhanced immunity in 287 
atg5 (Extended Data Fig. 5a, b and Table S5). This included well-characterized defence genes 288 
such as the SA-responsive marker (PR1 and PR2)41, ER-resident SDF2 being required for PTI 289 
signalling42, key components of the signalling module linking PTI and ETI, the EDS1-PAD4-290 
ADR1 node5, as well as PEN3, previously implicated in bacterial resistance43 (Fig. 4b and c). 291 
Using reporter lines, we confirmed increased expression of EDS1, PEN3 and SDF2 in the 292 
autophagy-deficient mutant and after immune activation in wild type via syringe-inoculation of 293 
Pst ΔhrcC (Fig. 4d, e; Extended Data Fig. 5c–f), which ensures more uniform immune 294 
activation and controls for atg5-dependent differences in bacterial entry. At cellular resolution, 295 
SDF2, PR2 and ADR1-L1 were little or rarely detected in mesophyll cells under mock 296 
conditions but were induced upon Pst ΔhrcC infection, with atg5 displaying a higher proportion 297 
of mesophyll cells expressing these genes even in the absence of infection (Extended Data Fig. 298 
5e-h). More broadly, most immune-related genes that were largely absent from mesophyll cells 299 
under mock conditions were instead enriched in vascular, guard, and epidermal cells (Extended 300 
Data Fig. 5i). Specifically, SDF2 was highly expressed in guard and vascular cells, whereas 301 
EDS1 was pre-dominantly detected in epidermal and vascular cells (Extended Data Fig. 5j, k). 302 
Similar expression patterns of other immune components in the vasculature have been 303 
described previously19,44. Together, these findings indicate that autophagy restricts the spatial 304 
deployment of immune signalling, and that its impairment leads to enhanced defence gene 305 
expression in mesophyll cells, establishing a pre-activated, cell type–specific immune state that 306 
enhances bacterial resistance. 307 
To further resolve cell type–specific immune signatures, we analyzed the disease-associated 308 
mesophyll cluster M8. This cluster was sparsely represented across mock conditions but 309 
became enriched upon infection. Notably, Pst challenge led to a higher proportion of M8 cells 310 
with elevated Pst-responsive scores in Col-0 compared to atg5 (Extended Data Fig. 6a), 311 
indicating a reduced activation of this disease-associated state in the autophagy-deficient 312 
background. Transcriptional profiling of M8 cells between Col-0 and atg5 revealed attenuated 313 
expression of JA-responsive genes in atg5, including VSP family genes45 (Extended Data Fig. 314 
6b–d, and Table S6). Given the well-established role of JA signalling as a susceptibility hub in 315 
plant-bacteria interaction46, this suggests that autophagy promotes a JA-associated disease state 316 
within mesophyll cells. To validate these findings in vivo, we employed the reporter line 317 
pVSP1::nls-3xGFP. Following 4 days of Pst infection, a higher number of GFP-positive nuclei 318 
was observed in wild-type plants compared to atg5, whereas reporter activity was absent under 319 
mock conditions (Extended Data Fig. Fig. 6e, f). Together, these results demonstrate that 320 
autophagy is required for susceptibility and the proper establishment of the M8 disease-321 
associated mesophyll state during bacterial infection. 322 
 323 
Autophagy plays a role in mesophyll-specific immune potentiation 324 
 325 
Our reporter analysis of defence genes indicates activation in mesophyll cells independent of 326 
stomatal entry, supporting a mesophyll-specific role of autophagy during plant immunity. 327 
Among the defence genes enriched in M11, the pre-activated mesophyll population in atg5, 328 
components of the EDS1–PAD4–ADR1 signalling module were particularly prominent (Fig. 329 
4c), a central node integrating cell surface and intracellular immune pathways5. Given its 330 
established role in PTI–ETI convergence, we asked whether autophagy modulates immune 331 
potentiation through this pathway. Consistent with our scRNA-seq expression data and reporter 332 
lines, we observed induced protein levels of EDS1 and MPK3 upon bacterial infection that was 333 
further elevated in autophagy deficient plants already under mock conditions (Fig. 5a). Further 334 
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analysis of the protein abundance of defence genes not initially captured in our analysis showed 335 
similar patterns for BIK1 and RBOHD during bacterial infection, in particular in the atg5 336 
background (Fig. 5a). 337 
We next hypothesized that immune responses are elevated in atg5 and therefore re-assessed its 338 
capacity to mount PTI, given the enrichment of immune-associated genes. Unexpectedly, while 339 
MPK phosphorylation appeared to be enhanced in atg5, the flg22-induced ROS burst and 340 
expression of canonical PTI marker genes were compromised (Extended Data Fig.7a, Fig. 5b, 341 
c). In contrast, guard cells retained responsiveness to flg22, as stomatal closure remained largely 342 
intact (Extended Data Fig. 7b). A closer inspection of our scRNA-seq data revealed that, 343 
although guard cells exhibited a modestly elevated PTI score (based on47) in atg5, other cell 344 
types, including mesophyll and epidermal cells, did not show this increase (Extended data Fig. 345 
7c,d). To investigate the contribution of cell-type-specific autophagy to immune responses, we 346 
leveraged our complementation lines. Mesophyll-specific autophagy restored immune protein 347 
levels to that of the wild-type but failed to complement ROS production or PTI gene expression 348 
(Fig. 5d-f), suggesting that PTI competence involves coordinated autophagy across tissues. By 349 
contrast, HR competence appears to be primarily mesophyll-autonomous as mesophyll-specific 350 
complementation significantly improved AvrRps4- and AvrRpm1-triggered HR compared with 351 
atg5, while the guard cell-specific complementation did not (Fig. 5g; Extended Data Fig. 7e). 352 
This is also reflected by the limitation of bacterial multiplication and disease progression of 353 
AvrRps4-delivering bacteria in Col-0 and mesophyll-complemented atg5 (Fig. 5h,i).  354 
Since AvrRps4- and, partially, AvrRpm1-triggered HR require EDS120, we hypothesized that 355 
autophagic recycling of EDS1 is essential for robust immune activation. Using an eds1/EDS1-356 
YFP reporter line48, we observed the release of free YFP upon ConA treatment being more 357 
prominent during bacterial infection (5j, Extended Data Fig. 7f). Free YFP was absent in 358 
CRISPR-inactivated atg5c plants49 infected with Pst (Fig. 5k) indicating that EDS1-YFP 359 
undergoes autophagic flux during bacterial infection. Consistent with this, selective autophagic 360 
degradation of EDS1 mediated by Nitrilase 1 (NIT1) has recently been described during viral 361 
infection49. Strikingly, our single-cell analysis reveals that NIT1 expression is preferentially 362 
enriched in the disease-associated M8 cluster and reduced in atg5, whereas the related NIT2 363 
and NIT4 are instead enriched in the immune-activated, atg5-specific M11 mesophyll 364 
population (Extended Data Fig. 7g). Together, these results suggest that autophagy spatially 365 
modulates EDS1 turnover across distinct mesophyll immune states, thereby contributing to 366 
state-specific differences in EDS1 accumulation and immune output. 367 
 368 
 369 
Discussion 370 

Plant immunity requires the coordinated activation of defence pathways that are both spatially 371 
and temporally regulated to restrict pathogen growth while limiting collateral damage. 372 
Although major immune pathways are known to converge on shared signalling nodes3,5,6, how 373 
this coordination is achieved across different cell types remains unclear. Here, we demonstrate 374 
that autophagy acts as a central organizer of this coordination by partitioning immune strategies 375 
across distinct cell types during bacterial infection (Fig. 6). This spatial framework provides a 376 
unifying explanation for the previously reported, seemingly contradictory roles of autophagy 377 
in immunity-related cell death and susceptibility20–23. 378 

Our data reveal that autophagy fulfils fundamentally different functions at the leaf surface and 379 
within internal tissues. In guard cells, autophagy promotes pathogen-induced stomatal 380 
reopening by facilitating the degradation of the ABA receptor PYL4, thereby enabling 381 
suppression of ABA signalling during infection. This finding extends previous work showing 382 
that stomatal immunity is tightly regulated by ABA signalling and actively manipulated by 383 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 2, 2026. ; https://doi.org/10.64898/2026.04.06.716646doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.06.716646
http://creativecommons.org/licenses/by/4.0/


 9 

bacterial pathogens16,31,50 and provides a mechanistic explanation for why Pseudomonas 384 
activates autophagy during early stages of infection22. 385 

In contrast, autophagy controls immune activation in mesophyll cells. Loss of autophagy leads 386 
to an enhanced expression of key defence regulators, including components of the EDS1-387 
PAD4-ADR1 signalling module, in mesophyll cells, resulting in a primed immune state. As 388 
this module represents a central hub integrating immune signalling and promoting SA 389 
biosynthesis5,51,52, its misexpression suggests that autophagy constrains both the amplitude and 390 
spatial deployment of SA-dependent defence outputs. Consistent with recent single-cell studies 391 
revealing extensive heterogeneity in immune responses19,44,53, our data indicate that autophagy 392 
contributes to shaping these cell type–specific immune states. Together, these findings establish 393 
autophagy as a regulator of the spatial distribution and intensity of immune signalling rather 394 
than a simple positive or negative regulator of defence. 395 

A key conceptual advance emerging from our study is the uncoupling of immune activation 396 
from execution. Despite elevated expression of central immune regulators, autophagy-deficient 397 
plants fail to mount robust EDS1-dependent hypersensitive cell death²⁰. Our complementation 398 
analyses sharpen this picture: neither guard cell– nor mesophyll-specific restoration of 399 
autophagy rescue PTI responses, consistent with PTI competence being multicellular and 400 
potentially requiring coordinated autophagy across tissues. We hypothesize that this 401 
multicellular requirement reflects the central role of the EDS1-PAD4-ADR1 node in PTI-ETI 402 
potentiation⁵,⁶. Since productive PTI outputs may depend on the coordinated activity of this hub 403 
across multiple cell types, its spatial misregulation in autophagy-deficient tissue would 404 
selectively impair PTI competence. By contrast, mesophyll-specific complementation is 405 
sufficient to partially restore EDS1-dependent HR, establishing HR execution as a mesophyll-406 
autonomous process. This dissociation suggests that the spatial requirements for PTI 407 
competence and HR execution are fundamentally distinct. 408 

We propose that loss of autophagy disrupts the spatial organization and functional integrity of 409 
the EDS1-PAD4-ADR1 node, thereby limiting its capacity to trigger localized HR while 410 
leaving, or even amplifying, upstream signalling outputs intact. Sustained or misregulated 411 
EDS1 activity may continue to drive salicylic acid biosynthesis and systemic defence⁵⁰, 412 
potentially explaining the paradoxical coexistence of enhanced immune signalling with 413 
impaired cell death and, under certain conditions, runaway responses²¹. Consistent with this, 414 
autophagy has been proposed to act as a molecular rheostat that constrains immune signalling 415 
by targeting EDS1 for degradation49. Strikingly, our study reveals the opposite during bacterial 416 
infection induced cell death: autophagic EDS1 turnover is required to promote, not restrict, HR 417 
execution, an apparent contradiction most likely explained by distinct cell-type-specific 418 
responses during bacterial infection and the different roles of distinct EDS1 complexes in SA 419 
and HR regulation. The cell-type-specific partitioning of nitrilase isoforms in our dataset raises 420 
the possibility that EDS1 turnover is differentially regulated across tissues, adding a spatial 421 
dimension to its regulation. Collectively, our findings reframe autophagy not merely as a brake 422 
on excessive immune activation, but as an active organizer of the spatial signalling architecture 423 
required for cell-type-appropriate immune execution. 424 

Taken together, we propose a model in which autophagy coordinates plant immunity across 425 
cellular scales: promoting pathogen entry at the stomatal interface while simultaneously 426 
constraining and spatially organizing immune signalling in mesophyll cells. By linking 427 
proteostasis pathways to cell type–specific immune regulation, our findings provide a 428 
conceptual framework for understanding how plants balance defence activation with tissue 429 
integrity. Collectively, this work establishes autophagy as a critical spatial regulator of immune 430 
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coordination and suggests that spatial control of signalling may represent a general principle 431 
underlying complex immune responses. 432 

 433 

Materials and Methods 434 
Plant material and growth conditions 435 
Arabidopsis thaliana ecotype Col-0 wild-type and its derived T-DNA mutants and transgenic 436 
plants listed in Table S7. The double mutants atg5 x ost1-3, atg5 x aba2-1, atg5x atg5 x 437 
pGC1::ABAleon2.15 were obtained by crossing. The other transgenic lines were obtained 438 
by Agrobacterium tumefaciens floral dipping of Col-0 plants and the single insertion 439 
transgenics lines were selected and crossed with atg5-1. 440 
 441 
Plants were grown under either short day or long day conditions (light/dark cycles: 16h 22°C/8h 442 
20°C, 130 µmol·mm2·s-1 light intensity, 70% relative humidity) for in vitro experiments and 443 
seed propagation, or short day conditions (light/dark cycles: 12h 22°C/ 12h 20°C, 90 444 
µmol·mm2·s-1 light intensity, 70% relative humidity) for bacterial infection assays. For in vitro 445 
experiments, seeds were sterilized with 70% ethanol and sown on solid 1% sucrose-446 
supplemented ½ Murashige and Skoog (MS) medium or sucrose-free medium for carbon 447 
starvation assays. For infection assays, plants were grown for 4-5 weeks. Seeds for both 448 
experiments in vitro and with adult plants were stratified for 2 days at 4ºC. Nicotiana 449 
benthamiana wild-type were grown under long day conditions (light/dark cycles: 16h/8h, at 450 
21°C and 70% humidity) for 4-6 weeks until use. 451 
 452 
Bacterial strains and growth conditions 453 
Pseudomonas syringae pathovar tomato wild type strain DC3000 and its derived mutants listed 454 
in Table S8 were grown in King’s B (KB) medium supplemented with 100 mg/L rifampicin at 455 
28ºC. Agrobacterium tumefaciens C58C1 derived strains listed in Table S8 were grown in 456 
Luria-Bertani broth (LB) medium supplemented with the appropriate antibiotics at 28ºC. 457 
Escherichia coli TOP10 and DB3.1 derived strains were grown in LB medium supplemented 458 
with the appropriate antibiotics 37°C. 459 
 460 
Molecular cloning 461 
The list of plasmids used and generated in this study are listed in Table S9. The list of primers 462 
used to amplify the coding sequences from A. thaliana genes are listed in Table S10. For 463 
GreenGate based cloning, CDS or promoters were amplified with addition of flanking regions 464 
including BsaI sites and final constructs were generated using the CDS or promoters module of 465 
interest and desired other modules and assembled in the pGGP AG or pCAMBIA modified to 466 
be compatible with the GreenGate system54,55. For GATEWAY™ based cloning, CDS were 467 
amplified with addition of attb1/attb2 flanking regions and final constructs were generated 468 
through BP clonase™ II enzymatic reaction and LR Clonase™ II enzymatic reaction into the 469 
desired destination vectors. All entry clones were verified by sanger sequencing. 470 
 471 
Plant inoculation and bacterial growth assays 472 
Overnight Pst cultures were centrifuged for 7 minutes at 4,000 rpm. Pellets were washed twice 473 
with 10 mM MgCl2 prior to measuring the optical density at 600 nm (OD600). For bacterial 474 
growth assays after dipping, bulk or scRNA transcriptomic, and stomatal aperture, Pst inocula 475 
were prepared at a final OD600 of 0.2 in 10 mM MgCl2 and 0.02% Silwet L-77. For bacterial 476 
growth assays after mesophyll infiltration with wild type or avrRps4-containing Pst strains, 477 
inocula were prepared at a final OD600 of 0.0001 and 0.0005 respectively. Plants were fully 478 
dipped in the bacterial solution for 1 minute. For bacterial growth assays upon syringe 479 
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inoculation, the final OD600 was adjusted to 0.0001 in 10 mM MgCl2.The bacterial inocula were 480 
infiltrated with a needleless syringe into the abaxial side of fully developed leaves from 5-6-481 
week-old A. thaliana plants. For immune reporter lines, Pst ΔhrcC inocula were prepared at a 482 
final OD600 of 0.1 in 10 mM MgCl2 and infiltrated with syringe. After inoculation, all plants 483 
were well-watered and put in covered trays to reach nearly saturated humidity conditions. 484 
Unless stated otherwise, plants were used for experiments 2 days post inoculation for bulk or 485 
scRNA transcriptomic, 3 days post inoculation for bacterial growth assays, 3 hours after 486 
inoculation for stomata aperture, 24hours after inoculation for immune reporter lines. Bacterial 487 
populations were estimated by plating serial dilutions of bacteria extracted from two 6-mm-488 
diameter leaf discs in 200 µL 10 mM MgCl2 homogenized with a tissue lyser (Retsch). Colony 489 
forming units were manually counted 48 hours after plating. For liquid inoculation, 10-day-old 490 
A. thaliana seedlings were incubated with bacterial solution at a final OD600 of 0.2 in 10 mM 491 
MgCl2 for 2 or 5 hours until use.  492 
 493 
 494 
Laser scanning confocal microscopy and image analysis 495 
Images were taken with a confocal laser scanning microscope (STELLARIS 8; Leica) using a 496 
water-immersed objective (HC PL APO CS2 20× or 40x /1.20 W) with a resolution acquisition 497 
set to 512 x 512 (reporter line analyses) or 1024 × 1024 (for subcellular localization analyses) 498 
and a line average of 4. The following excitation and emission settings were used: GFP (488 nm 499 
excitation, 500–560 nm emission), YFP (514 nm, 530–570 nm), RFP/mCherry (587 nm, 600–500 
640 nm), and mTurquoise (448 nm, 460–550 nm). Tau-gating was used to remove 501 
autofluorescent signal. Chlorophyll autofluorescence was visualized in the far-red wavelength. 502 
For leaves expressing the pGC1::ABAleon2.15 construct were fixed with formaldehyde 4% 503 
prior imaging. For all the reporter lines, Z-stack images were acquired with a fixed step size 504 
adjusted per experiment to cover the entire range of signal along the z-axis. Image processing 505 
was performed using ImageJ; . For clarity purposes, contrast on the individual channels was 506 
manually adjusted. 507 
 508 
Quantification of confocal images 509 
Nuclear GFP, YFP or mTurquoise signals were quantified using a custom ImageJ macro. For 510 
each image series, the GFP, YFP or mTurquoise channel was extracted, and a maximum 511 
intensity Z‑projection was generated. An automatic threshold (Li or MaxEntropy method for 512 
mesophyll and IsoData method for epidermis and guard cells) was applied to create a binary 513 
mask, followed by morphological opening (circle, radius 2.5) to refine nuclei outlines. Particles 514 
were analyzed to generate regions of interest (ROIs). For genes expressed in nuclear of both 515 
epidermis and guard cells, each ROI was manually verified via a dialog prompt to confirm it 516 
represented nucleus from a guard cell or pavement cell. For pATG8c::GFP-GUS and 517 
pGC1::ABAleon2.15, ROIs were manually drawn over guard cells. For confirmed nuclei or 518 
cells, mean intensity was recorded. Between 100 to 500 cells from 4-8 leaves were measured 519 
for each data point. 520 
 521 
RNA sequencing 522 
Sequencing libraries were prepared from the extracted RNA using the NEBNext® UltraTM II 523 
RNA Library Prep Kit for Illumina® and Dual Index Primers (New England Biolabs) following 524 
the manufacturer instructions. The quality of the libraries was verified with a Bioanalyzer 525 
(Agilent) prior to send for Illumina® sequencing at the NovaSeq PE150 Platform of Novagene 526 
(Cambridge, UK). After quality control, transcript abundances were quantified using Salmon 527 
and aggregated to gene-level counts with tximport based on the A. thaliana TAIR10.54 528 
reference genome.The log2 of the fold change (log2FC) and false discovery rate (FDR) were 529 
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determined using R package DEseq2 with default settings56. A gene is considered significantly 530 
differentially expressed when the absolute value of its log2FC > 2 and its FDR < 0.05. 531 
 532 
 533 
Protoplast isolation and ScRNA sequencing 534 
For protoplast isolation, tape-sandwich method was modified and applied57, and a subset of 535 
leaves was processed by cutting and finely dicing the tissue with a scalpel blade. For both 536 
methods,  the abaxial epidermis, guard cells, and trichomes and the adaxial side of the fully 537 
developed leaves were incubated in digestion buffer (2% Cellulase-RS, 0.4% Macerozyme 538 
R10, 2 mM MES pH 5.7, 0.6 M mannitol, 10 mM KCl, 10 mM MgCl2 , 0.1% BSA) for 1 h at 539 
room temperature with gentle agitation58. The mixture was subsequently filtered through a 540 
70 μm nylon filter and rinsed with protoplast buffer (2 mM MES pH 5.7, 0.6 M mannitol, 541 
10 mM KCl, 10 mM MgCl2, 0.1% BSA). After low-speed centrifugation (200g, 2 min, room 542 
temperature), the pellet was resuspended in protoplast buffer. This wash procedure was 543 
repeated in total 3 times, the protoplasts centrifuged as before and resuspended in ∼700 μl or 544 
less protoplast buffer and filtered through a 40 μm cell strainer (Flowmi Bel Art SP 545 
Scienceware). Protoplasts were validated under a light microscope and quantified using a 546 
haemocytometer and adjusted to a density of approximately 800-900 cells per μl.  For each 547 
sample, twelve to thirteen leaves were used.  548 
Single cell RNA-seq libraries were prepared from fresh protoplasts according to the 10x 549 
Genomics Next GEM Single Cell 3ʹ Reagent Kits v3.1 protocol. ScRNA-seq library sequencing 550 
was performed on the NextSeq (Illumina) platform. 551 
 552 
ScRNA-seq analysis 553 
 554 
Raw data processing and quality control  555 
Sequence data were processed to obtain single-cell feature counts by running Cell Ranger 556 
(v.6.1.2) for scRNA-seq data and the reads were aligned to Arabidopsis TAIR10 reference 557 
genome, which was downloaded from https://plants.ensembl.org/. Count data were analysed 558 
using the R packages Seurat (5.2.1). Quality control filtering was performed to retain cells with 559 
mitochondrial gene content below 1%, chloroplast gene content below 10%, number of detected 560 
genes between 300 and 6,000, and total UMI counts between 500 and 40,000. 561 
 562 
Integration and clustering 563 
To mitigate the effects of protoplasting, previously identified protoplasting-induced genes57 564 
were removed from the dataset for clustering analysis.  Cell cycle variation was regressed out 565 
using cell cycle genes59 (Zhang et al. 2021). Before integration, doublets were removed using 566 
DoubletFinder60. 567 
Data were normalized with SCTransform (v2) and integrated across samples via RPCA-based 568 
anchor identification (k.anchor = 5). After integration, the data were normalized again 569 
using NormalizeData on both the protoplasting-filtered and the full RNA assays to facilitate 570 
downstream gene expression analysis. Clustering was performed on the integrated object with 571 
PCA (1:50), graph-based clustering (resolution = 0.5), and UMAP visualization (reduction = 572 
"pca", dims = 1:50).  573 
To integrate our dataset with published dataset (GSE213622)17, we also use RPCA-based 574 
anchor integration after SCTransform normalization. Clustering was performed on the 575 
integrated object (PCA 1:50, resolution = 0.7). 576 
 577 
Identification of markers, DEGs and heat map generation 578 
 579 
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Cluster-specific marker genes that are conserved across samples were identified using 580 
the FindAllMarkers function in Seurat, with parameters grouping.var = "orig.ident",    only.pos 581 
= TRUE and logfc.threshold = 0.25. Genes with an adjusted p-value < 0.01 were retained as 582 
markers, corresponding to genes enriched in the target sample relative to all others. 583 
 584 
Cell-type-specific DEGs between atg5-mock and Col-0-mock samples was identified using 585 
the FindMarkers function (log₂FC ≥ 0.5, min.pct = 0.25)  in Seurat. Mock samples from 2 dpi 586 
and 3 hpi were pooled into atg5-mock and Col-0-mock groups. Genes with log₂ fold change 587 
≥ 0.5 and detected in at least 25% of cells in either group were considered for analysis. 588 
 589 
DEGs enriched in M11 versus other mesophyll cells at 2 dpi were identified 590 
using FindMarkers (log₂FC ≥ 0.5, min.pct = 0.25) separately in Col-0-Pst-2dpi (genes 591 
upregulated by Pst) and atg5_mock_2dpi (genes upregulated by atg5 mutation) samples. Genes 592 
with an adjusted p-value < 0.05 were considered significantly differentially 593 
expressed.  Overlapping upregulated genes were considered as atg5-specific immune genes. 594 
 595 
Genes upregulated in M8 versus other mesophyll cells in Col-0-Pst-2dpi were overlapped with 596 
genes downregulated in M8 of atg5_mock_2dpi versus Col-0-Pst-2dpi .The overlapping set 597 
was defined as atg5-specific disease genes (log₂FC ≥ 0.5, min.pct = 0.25, p_val_adj < 0.05). 598 
 599 
DEGs between guard cell subtypes GC20 and GC16 were identified 600 
using FindMarkers (log₂FC ≥ 0.5, min.pct = 0.25, min.diff.pct = 0.25, p_val_adj < 0.05). Genes 601 
with avg_log₂FC > 2 were defined as highly expressed in GC20. 602 
 603 
For the heatmaps of immune-, disease- related genes (Fig 1F), cell-type-specific atg5-604 
upregulated genes (Fig S1h), ATGs (Fig 1A), atg5-specific immune genes (Fig 4B), PTI genes 605 
(Fig 4G), upregulated by Pst  genes(Fig S5i), atg5-specific disease genes (Fig S6C),  the Seurat 606 
object was subset to the cell types and conditions shown in each figure. Pseudobulk expression 607 
was obtained with AggregateExpression (assay = “RNA”) and Heatmaps were generated with 608 
row‑scaled scale.data. 609 
 610 
Signature score computation 611 
A Pst_responsive score was computed previously described17, 612 
using AddModuleScore (Seurat), defined as the score for Pst-upregulated genes minus the 613 
score for Pst-downregulated genes (from bulk RNA-seq data).PTI score was calculated via 614 
AddModuleScore using PTI gene sets from47. 615 
 616 
GO enrichment 617 
Gene Ontology enrichment was performed using the topGO R package. Gene-to-GO 618 
annotations for biological process (BP) were retrieved from Ensembl Plants (BioMart). The 619 
background gene set comprised all Arabidopsis genes from the Ensembl annotation. For a given 620 
set of genes of interest, enrichment was assessed using Fisher’s exact test with 621 
the weight01 algorithm to account for GO hierarchy. GO terms with a corrected p-value < 0.05 622 
were considered significantly enriched. Results were visualised as a dot plot showing the top 623 
terms, with point size representing the number of significant genes and colour indicating 624 
−log₁₀(p-value). 625 
 626 
 627 
Stomatal aperture measurement and analysis  628 
5-6-week-old A. thaliana plants were kept for at least 3 hours after lights on to ensure stomata 629 
open before starting experiments. The plants were dip-inoculated with Pst or the detached 630 
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leaves were immersed in 10 mM MgCl2 with Pst or mock(10 mM MgCl2). For ABA and 631 
Fluridone  treatment, 30 μM  ABA or  50 μM Fluridone or mock (0.1% ethanol) spraying was 632 
performed 1 hour after Pst infection. For flg22 treatment, epidermis was peeled and immersed 633 
in buffer with 5 μM flg22 or mock (water). The leaves were harvest at desired time and 634 
immediately immersed in stomatal fixation solution (formaldehyde 4%) for 1 min to stop 635 
stomatal movement16. The leaves were then cleaned by overnight incubation in 9:1 636 
ethanol:acetic acid solution, followed by a series of ethanol washes (from 70%, 50%, down to 637 
20%) leaves were stained with 5 μM rhodamine 6G for 1 min and were imaged using a Leica 638 
M205C stereomicroscope. Stomatal aperture was quantified using a custom ImageJ macro. For 639 
each image, two perpendicular lines were manually drawn per stoma using the line tool: one 640 
along the stomatal length (major axis) and one across the pore (minor axis). The ROI Manager 641 
recorded the selections, and a multi-measure function extracted the length of each line. The 642 
aperture ratio was calculated as minor axis / major axis. from 100 to 400 stomata from 4-8 643 
leaves were measured for each data point. 644 
 645 
Carbon starvation and pigment measurements 646 
10-day-old A. thaliana seedlings were wrapped with Aluminum foil and kept in darkness for 647 
11 days. For photosynthetic pigment concentration, 3 rosettes were sampled and incubated 648 
over-night in 1mL acetone 100% on a rotating wheel in cold room. Tubes were next centrifuged 649 
for 3min at 400g. 200µl of was then pipetted in a transparent 96-well plate and absorbance was 650 
measured at 470nm, 646nm and 663nm using a plate reader (Tecan Infinite 200 PRO®). 651 
Acetone 100% was used as blank. Concentration was calculated as following the obtained from 652 
Karlsruher Institut für Technologie (KIT, https://www.jkip.kit.edu/molbio/998.php, 653 
“Chlorophyll and Carotenoid determination in leaves”). Values were then then expressed as 654 
ng.mm².  655 
 656 
Immunoblotting 657 
Proteins were extracted in extraction buffer (100 mM Tris pH 7.5, 1 mM EDTA, 3% SDS) and 658 
mixed with 4X Laemmli buffer (BioRad) prior to boiling at 95ºC for 10 minutes and clearing 659 
by centrifugation of 1 minute at 13,000 rpm. In case of PYL4, protein was extracted with buffer 660 
(50 mM Tris-MES pH 7.4, 0.5 M Sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM dithiotreitol, 661 
0.2% (v/v) Nonidet P-40). Total protein extracts were separated by SDS–PAGE, visualized 662 
with the Stain-Free Imaging Technology in a ChemiDoc Imaging System (BioRad), transferred 663 
to PVDF membranes (BioRad), blocked with 5% skimmed milk in TBS (200 mM Tris and 664 
1500 mM NaCl), for 1 hour at room temperature and incubated with the correspondent antibody 665 
listed in Table S11 for 1-2 hours at room temperature or overnight at 4ºC. For the detection, the 666 
immunoreaction was developed using an ECL Prime Kit (GE Healthcare) and detected with a 667 
ChemiDoc Imaging System (BioRad). When the Stain-Free images of the total protein extracts 668 
were not taken, Ponceau S staining (0.1% Ponceau Red and 5% acetic acid) was performed on 669 
the membranes after revelation instead. The relative quantification of the protein band 670 
intensities and ratios was performed using the Image Lab software (BioRad). 671 
 672 
Transient expression in Nicotiana benthamiana leaves 673 
Overnight A. tumefaciens cultures were centrifuged for 7 min at 4,000 rpm. Pellets were washed 674 
twice with agroinfiltration buffer (10mM MgCl2, 10mM MES pH 5.7) prior to measuring 675 
OD600. Inocula were prepared at a final OD600 of 0.1-0.5 in 200µM acetosyringone-676 
supplemented agroinfiltration buffer and incubated at room temperature and darkness for 2 677 
hours before infiltration with a needleless syringe into the abaxial side of 4 to 6-week-old N. 678 
benthamiana leaves. Plants were used for further experiments 24-48 hours after infiltration. 679 
 680 
Co-immunoprecipitation 681 
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Plant tissue was ground with a mortar and liquid nitrogen and then extracted in 1ml/g of GTEN 682 
buffer (10% glycerol, 25 mM Tris pH 7.5, 1 mM EDTA, 150 mM NaCl, 1 mM DTT, 1X 683 
Protease inhibitor Cocktail (Merck) and 0.5% Triton X,). The solution was vortexed until 684 
homogenized and incubated at 4ºC with rotation for 10min following centrifugation for 30 685 
minutes at 4000 g and 4°C. Supernatant was filtered with three layers of Miracloth (Merck). 686 
50µl of the filtrate was sampled as input, supplemented with 12.5µL Laemmli buffer 4X 687 
(BioRad) and boiled for 10 minutes at 95°C. Next, 10µl/g of GFP-Trap® Agarose beads 688 
(ChromoTek) were added to the remaining filtrate and incubated for 2 hours at 4ºC. The filtrates 689 
were then centrifuged at 800 g for 1 minute, the supernatants were carefully removed, and the 690 
pelleted beads were transferred to new 1.5mL microcentrifuge tubes in 1mL of GTEN buffer. 691 
Five steps of washing were performed by centrifuging at 800 g for 1 minute using 1mL GTEN 692 
buffer. After the last washing, 2X Laemmli buffer (BioRad) was added to equal amounts of 693 
beads and the samples were boiled 10min at 95°C prior to immunoblotting as previously 694 
described.  695 
 696 
Measurement of ROS production 697 
16 to 24 4-mm-diameter leaf discs were harvested for each condition and individually incubated 698 
overnight in a 96-well plate (PierceTM; Thermo Scientific) containing 100 μL of distilled 699 
water. For ROS production measurements, water was replaced by 100 μL of elicitor mix (10 700 
μM flg22, 100 μM luminol, 20 μg/mL horseradish peroxidase) or mock (elicitor mix without 701 
flg22) and relative luminescence was quantified in each well every minute during 1 h, using a 702 
plate reader (Tecan). The total amount of luminescence per condition was calculated as the 703 
average of the sums of all measurements taken during the recorded hour per sample. 704 
 705 
RNA extraction and quantitative real-time PCR 706 
Total RNA from plant samples was extracted following the manufacturer instructions with 707 
either the RNeasy Plant Mini Kit (Qiagen) for RNA sequencing, or with the NucleoZOL reagent 708 
(Macherey-Nagel) for the rest of applications. After extraction, 500 ng of total RNA per 709 
samples were treated with DNase I (Thermo Scientific) prior to the cDNA synthesis using the 710 
LunaScript® RT SuperMix Kit (New England Biolabs), in both cases following the 711 
manufacturer instructions. Quantitative real-time PCR was performed using 2X MESA Blue 712 
qPCR Master Mix (Eurogentec) using a 2-step protocol for 40 cycles and melting curve 713 
analysis. The relative gene expression was then calculated following the ΔΔCt method. For the 714 
ribosomal enrichment, the relative expression for each condition/fraction was calculated 715 
separately, then the enrichment was calculated normalizing each ribosomal fraction to its 716 
respective total fraction. The primers used for qPCR are listed in Table S10. 717 
 718 
Electrolyte leakage assay 719 
Electrolyte leakage assays were performed using 4-week-old Arabidopsis thaliana plants 720 
infiltrated in the mesophyll with Pseudomonas syringae pv. tomato strains expressing avrRps4 721 
or avrRpm1 at final OD600 values of 0.5 and 0.05, respectively. Immediately after inoculation, 722 
36–48 leaf discs (6 mm diameter) were harvested from infiltrated leaves and washed in double-723 
distilled water for 15 min prior to distribution into 6–8 biological replicates consisting of six 724 
leaf discs each in 4 mL double-distilled water in 14 mL polypropylene graduated culture tubes 725 
(Simport). Conductivity was measured at the indicated time points using a FiveGo conductivity 726 
meter (Roth). Maximum conductivity was determined after the final time point by boiling the 727 
samples at 95°C for 10 min. 728 
 729 
 730 
 731 
 732 
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Figure Legends 894 
 895 
Fig. 1: Autophagy displays cell-type-specific responses upon infection 896 
a, Bacterial population in 5-week-old A. thaliana leaves of wild type Col-0 and atg5, atg8 plants dip-897 
inoculated with 108 CFUs/mL Pst. Data from more than four independent experiments. Different letters 898 
indicate statistical groups determined using one-way ANOVA, followed by a Tukey HSD post-hoc test 899 
(adjusted p < 0.05) .  900 
b, GFP fluorescence intensity detected from epidermis, guard and mesophyll cells of 5-week-old A. 901 
thaliana leaves expressing pATG8e::nls-3xGFP at 6 hours and 24 hours upon dip-inoculation with 108 902 
CFUs/mL Pst or 10 mM MgCl2 mock.  For each cell type, letters indicate statistically significant 903 
differences determined by two-way ANOVA, followed by a Tukey HSD post-hoc test (adjusted p < 904 
0.05).  Experiments were performed three times with similar results. 905 
c, Schematic of the scRNA approach. 906 
d, Two-dimensional embedding of cells from all 8 samples by uniform manifold approximation and 907 
projection (UMAP) based on the transcriptomic data. Cells are coloured according to clusters.  Cell 908 
types were annotated on the basis of marker gene expression. 909 
e, GO enrichment analysis for marker genes of each cluster (from Fig. S1e).  GO terms related to defence 910 
are shown. p values from Fisher's exact test are shown. Size of shape stands for the number of marker 911 
genes associated with the GO term. 912 
f, Heat map showing relative expression of defence-and disease-related genes across cell populations in 913 
different clusters. 914 
g, Violin plots showing the distribution of the Pst-responsive score across 8 samples. The shape 915 
illustrates the density of the score distribution for each sample. 916 
h, UMAP visualization of guard cells, with cells colored by genotype. 917 
i,j, Fluorescence signal intensity from guard cells in leaves or cotyledons of 10-day-old A. thaliana 918 
expressing pFAMA::gFAMA-YFP (I) and pNAC6::nls-3xGFP (J) in wildtype and atg5 background. 919 
Statistical differences between genotypes are assessed  withStudent's t-test (***p < 0.001). 920 
 921 
Fig. 2: Autophagy promotes stomatal opening during infection 922 
a, Heat map showing relative expression of autophagy-related genes across four major cell types in Col-923 
0 mock samples. 924 
b, Stomatal apertures of Col-0 and atg5plants dip-inoculated with 108 CFUs/mL Pst or mock at 3 hours. 925 
Statistical differences between treatment within each genotype are determined by two-way ANOVA 926 
followed by Tukey HSD post-hoc tests (adjusted  ***p < 0.001, n.s, not significant ) . This experiment 927 
was repeated at least three times with similar results. 928 
c, Bacterial growth in Col-0, atg5 and atg5 complementation lines carrying tissue-specific promoters 929 
after dip-inoculation with 108 CFUs/mL Pst. Dashed horizontal lines indicate the medians of Col-0 930 
and atg5 across all experiments. Different letters indicate statistical groups determined using one-way 931 
ANOVA with experiment as a random effect, followed by a Tukey HSD post-hoc test (adjusted p < 932 
0.05). Data from six independent experiments. 933 
d, Stomatal apertures of 5-week-old A. thaliana Col-0, atg5 and atg5 complementation lines carrying 934 
tissue-specific promoters. Leaves were taken and fixed at 3 hours after inoculation with 108 CFUs/mL 935 
Pst or 10 mM MgCl2 mock. Statistical differences between treatment within each genotype are 936 
determined by two-way ANOVA followed by Tukey HSD post-hoc tests (adjusted  *p<0.05, **p <0.01, 937 
***p < 0.001, n.s, not significant). This experiment was repeated three times with similar results. 938 
e, Leaf phenotypic analysis of Col-0, atg5 and atg5 complementation plants after syringe-infiltrated 939 
with 5 x 104 CFUs/mL Pst. Stacked bar chart illustrates the distribution of leaf states (collapsed, 940 
chlorotic, light chlorotic, healthy) as percentages of total leaves per genotype. The p value was calculated 941 
using a chi-square test (χ² = 27.785, df = 9, p-value = 0.001036). This experiment was repeated three 942 
times with similar results. 943 
f, Relationship between bacterial growth complementation and carbon starvation rescue 944 
for atg5 complementing lines, together with Col-0 and atg5. Each point represents the relative value to 945 
wild type (x-axis, relative log CFU to Col-0; y-axis, relative chlorophyll retention to Col-0) for a given 946 
genotype, colored as indicated. The dashed line shows the linear regression fit across all data points 947 
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(𝑅! = 0.32, 𝑝 = 0.19). The 𝑝-value for the genotype-by-phenotype interaction (two-way ANOVA, 948 
Type III) is shown (𝑝 < 0.001).  949 
 950 
Fig. 3: Autophagy fine-tunes ABA activity by recycling a guard cell-specific ABA receptor 951 
a, Stomatal apertures of Col-0, atg5, ost1-3, aba2-1 and double mutants atg5 x ost1-3, atg5 x aba2-1 952 
plants. 5-week-old A. thaliana leaves were taken and fixed at 3 hours after incubated with 108 CFUs/mL 953 
Pst or 10 mM MgCl2 mock. Statistical differences between treatment within each genotype are 954 
determined by two-way ANOVA followed by Tukey HSD post-hoc tests (adjusted  *p<0.05, **p <0.01, 955 
***p < 0.001, n.s, not significant ). This experiment was repeated three times with similar results. 956 
b, Immunoblot analysis of PYL4 protein in 7-day-old A. thaliana seedlings of Col-0 and autophagy 957 
defective mutants. The large subunit of the Rubisco visible through Stain-Free imaging revelation serves 958 
as loading control. Numbers indicate the band intensity of PYL4 immunoblot normalized to each sample 959 
loading. The experiment was repeated three times with similar results. 960 
c, PYL4 degradation assay revealed by the ratio of free GFP to full-length GFP–PYL4. Immunoblot 961 
against GFP on crude extracts of 10-day-old A. thaliana seedlings GFP–PYL4 in wild type and atg5 962 
background, infected with 108 CFUs/mL Pst or 10 mM MgCl2 mock for 5 hours. Numbers indicate 963 
GFP/GFP–PYL4 ratio. The experiment was repeated two times with similar results. 964 
d, Representative confocal microscopy images of 10-day-old A. thaliana wild type and atg5 leaves 965 
expressing GFP–PYL4. Overnight 1 µm concanamycin A treated seedlings were incubated with 108 966 
CFUs/mL Pst or 10 mM MgCl2 mock for 2 hours. Scale bar = 25 μm. 967 
e, Quantification of the proportion of cells with dots for each condition from (F). Data represent three 968 
independent experiments, with each shape corresponding to an individual experiment. Statistically 969 
significant differences were determined using a binomial generalized linear mixed model with 970 
experiment as a random effect, followed by a Tukey HSD post-hoc test (adjusted p < 0.05).  971 
f, Confocal microscopy pictures of A. thaliana leaves expressing GFP-PYL4 with mcherry-ATG8e. Co-972 
localization is visible in ATG8e-labelled autophagosomes (indicated by arrows). Scare bar = 25 μm. 973 
 974 
Fig. 4: Autophagy alters immune gene expression in the mesophyll 975 
a, UMAP plot visualizing Pst_responsive score across M11 cluster cells. Left panel: dashed line outlines 976 
the M11 immune clusters. Right panel: M11 UMAP for the four 2dpi samples: Col-0_mock _2 977 
dpi, atg5_mock_2 dpi, Col-0_Pst_2 dpi, and atg5_Pst_2 dpi. 978 
b, heatmap showing the relative expression of selected atg5-immune-specific candidates in M11 cluster. 979 
c, The EDS1-PAD4-ADR signaling node as a convergence point of PTI and ETI, displayed the same 980 
across four experimental conditions. Schematic adapted from (Pruitt et al. 2021) to illustrate the immune 981 
signaling pathways. Protein colors correspond to the relative expression levels of indicated genes 982 
quantified in the heatmap (Fig. 4b). 983 
d, Confocal microscopy images of wild type and atg5 plants expressing pEDS1::nls-3xGFP, syringe-984 
infiltrated with 5x107 CFUs/mL Pst ΔhrcC or or 10 mM MgCl2 mock. Leaves were imaged at 1 dpi and 985 
fluorescent images are maximal intensity projections of Z-stacks. Bar scale represents 100 μm. 986 
e, quantification GFP intensity of Fig.4D. Different letters indicate statistically significant differences, 987 
determined by two-way ANOVA followed by Tukey HSD post-hoc tests (adjusted p < 0.05). This 988 
experiment was repeated three times with similar results. 989 
 990 
Fig. 5: Autophagy plays a role in mesophyll-specific immune potentiation 991 
a, Immunoblot analyses of immune components RBOHD, BIK1, EDS1 and MPK3 in Col-0 and atg5 992 
A. thaliana leaves 24 hours after syringe-infiltration with either 5 x107 CFUs/mL Pst or 10 mM MgCl2 993 
mock. The large subunit of the Rubisco visible through Stain-Free imaging revelation serves as loading 994 
control. Representative results from at least three independent experiments. 995 
b, Reactive oxygen species (ROS) production measured by luminometry over 1 hour in leaves of 5-996 
week-old Col-0 and atg5 plants treated with 10 µM flg22 or water as mock. The upper panel shows ROS 997 
production kinetics expressed as relative light units (RLUs), with shaded areas indicating the standard 998 
error of the mean (SEM). The lower panel shows total ROS production over 1 hour measurement. Data 999 
from three independent experiments. 1000 
c, Quantitative RT-PCR is shown for immune response marker genes (RBOHD, WRKY29 and WRKY33) 1001 
60 min after 1 µm flg22  or water (control) treatment in 5-week-old Col-0 and atg5 A. thaliana plants.  1002 
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d, Immunoblot analyses of immune components RBOHD, BIK1, EDS1 and MPK3 in Col-0, atg5 and 1003 
atg5; pLhca6::ATG5-GFP and atg5; pGC1:: ATG5-GFP A. thaliana leaves 24 hours after syringe-1004 
infiltration with either 5 x107 CFUs/mL Pst or 10 mM MgCl2 mock. The large subunit of the Rubisco 1005 
visible through Stain-Free imaging revelation serves as loading control. Representative results from at 1006 
least three independent experiments. 1007 
e, Reactive oxygen species (ROS) production measured by luminometry over 1 hour in leaves of 5-1008 
week-old Col-0, atg5 and atg5; pLhca6::ATG5-GFP and atg5; pGC1:: ATG5-GFP A. thaliana plants. 1009 
treated with 10 µM flg22. The left panel shows ROS production kinetics expressed as relative light units 1010 
(RLUs), with shaded areas indicating the standard error of the mean (SEM). The right panel shows total 1011 
ROS production over 1 hour measurement. Data from three independent experiments. 1012 
f, Quantitative RT-PCR is shown for immune response marker genes (RBOHD and WRKY33) 60 min 1013 
after 1 µm flg22 treatment or water (control) in 5-week-old in Col-0,  atg5 and atg5; pLhca6::ATG5-1014 
GFP and atg5; pGC1::ATG5-GFP A. thaliana plants. 1015 
g, Electrolyte leakage over time in wild-type Col-0, atg5, atg5; pLhca6::ATG5-GFP and atg5; pGC1:: 1016 
ATG5-GFP plants following syringe-inoculation with 2 x108 CFUs/mL Pst expressing AvrRps4. 1017 
Conductivity is expressed as percentage of maximal conductivity after boiling. Lines represent means 1018 
and error bars indicate standard error of the mean from 8 biological replicates of 6 leaf discs each. 1019 
Similar results were obtained in two independent experiments. 1020 
h, Bacterial population in 5-week-old A. thaliana leaves of Col-0, atg5, atg5; pLhca6::ATG5-GFP, atg5; 1021 
pGC1:: ATG5-GFP and rrs1a/rrs1b plants syringe-inoculated with 2x105 CFUs/mL Pst expressing 1022 
AvrRps4.  1023 
i, Representative images of disease symptoms observed in h. Numbers indicate symptomatic leaves out 1024 
of the total number of infiltrated leaves. 1025 
j, EDS1 degradation assay revealed by the ratio of free YFP to full-length EDS1-YFP. Immunoblot 1026 
against GFP on crude extracts of 10-day-old A. thaliana seedlings EDS1-YFP in eds1-2 background, 1027 
infected with Pst or 10 mM MgCl2 mock for 8 hours following overnight 1 µm concanamycin A.  1028 
k, EDS1 degradation assay revealed by the ratio of free YFP to full-length EDS1-YFP. Immunoblot 1029 
against GFP on crude extracts of 10-day-old A. thaliana seedlings EDS1-YFP in eds1-2 and eds1-2 atg5 1030 
crispr background, infected with Pst or 10 mM MgCl2 mock for 8 hours.  1031 
 1032 
b,c,e,f,h  Different letters indicate statistically significant differences, determined by one-way (b,e, h) or 1033 
two-way ANOVA (c,f) followed by Tukey HSD post-hoc tests (adjusted p < 0.05).   1034 
 1035 
Fig. 6: Autophagy spatially organizes plant immunity across cell types. 1036 
Working model derived from scRNA-seq and functional analyses. Guard cells (left): Autophagy 1037 
promotes stomatal reopening during infection by targeting the ABA receptor PYL4 for degradation via 1038 
ATG8–ALIX, thereby suppressing ABA signalling. Mesophyll (right): Autophagy fine-tunes PRR 1039 
signalling and likely enables effective ETI via the EDS1–PAD4–ADR1 node and EDS1 turnover.  1040 
 1041 
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