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Phosphoinositide-specific Phospholipase C 2 (SIPLC2) Facilitates Vesicle
Formation and Modulates Immune Signaling in Tomato Phytophthora infestans
Interactions

Statement: This study identifies SIPLC2 as a key susceptibility factor that supports
Phytophthora infestans infection by coordinating vesicle formation and early immune
responses in tomato.

Enzo A. Perk', Juan Martin D'Ambrosio’, Ignacio Cerrudo’, Luciana Robuschi’, Marcelo
Juarez?, Pilar Vélez®, Veronica Mary?, Martin Theumer®, Maria Eugenia Segretin?4, Ana
M. Laxalt'™

' Instituto de Investigaciones Bioldgicas (IIB)-CONICET, Facultad de Ciencias Exactas y
Naturales, Universidad Nacional de Mar del Plata (UNMdP), Mar del Plata, Argentina.

2 Instituto de Investigaciones en Ingenieria Genética y Biologia Molecular (INGEBI)-
CONICET, Buenos Aires, Argentina.

3 Centro de Investigaciones en Bioquimica Clinica e Inmunologia CIBICICONICET,
Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba (UNC), Cdrdoba,
Argentina

4 University of Buenos Aires, Faculty of Exact and Natural Sciences, Ciudad Universitaria,
Buenos Aires, Argentina.

*Corresponding author: amlaxalt@mdp.edu.ar

Abstract

Phosphoinositide-specific phospholipase C (PI-PLC) is a signaling enzyme that
hydrolyzes membrane phosphoinositide to generate lipid- and lipid-derived second
messengers. In plants, PI-PLCs have been implicated in various physiological processes,
including immunity. Tomato SIPLC2 was previously shown to be implicated in
susceptibility to the necrotrophic fungus Botrytis cinerea. However, whether this
observation extends to pathogens with different lifestyles and evolutionary origins,
remains unknown. Here, we investigated SIPLC2 function during infection with
Phytophthora infestans, a globally devastating oomycete and causal agent of potato and
tomato late blight. CRISPR-Cas9 knockout SIPLC2 plants showed significantly reduced
disease symptoms, lower pathogen biomass, and decreased sporangia production,
indicating impaired colonization. Upon infection, SIPLC2 knockout lines displayed

attenuated expression of salicylic acid (SA)- and jasmonic acid (JA)-responsive genes
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suggesting disrupted hormone signaling. Consistent with PLC role during plant defense,
early immune responses such as hydrogen peroxide accumulation and callose deposition
were reduced in knockout plants. At the cellular level, these plants allow fewer infection
vesicles formation by P. infestans, accompanied by an increase in expression of a
biotrophy-associated effector gene PiAvrblb2, suggesting impaired establishment of
infection. In Nicotiana benthamiana SIPLC2-GFP localizes predominantly at the plasma
membrane. Upon P. infestans inoculations, SIPLC2-GFP localizes to the membrane
surrounding infection vesicles, where we also detected phosphoinositides PI4P and
P1(4,5)P,. Overexpression of SIPLCZ2 in Nicotiana benthamiana enhanced susceptibility
to P. infestans, reinforcing its positive role in colonization. Together, these findings identify

SIPLC2 as a susceptibility factor associated with enhanced P. infestans colonization.

Abbreviation list
e ABA — Abscisic acid
e ANOVA — Analysis of variance
e DAG — Diacylglycerol
e DGK — Diacylglycerol kinase
e dpi — Days post inoculation
e ET — Ethylene
e EHM — Extra-haustorial membrane
e FW — Fresh weight
e GLMM — Generalized linear mixed model
e GFP — Green fluorescent protein
e H,0, — Hydrogen peroxide
e |P; — Inositol 1,4,5-trisphosphate
e JA — Jasmonic acid
e KO — knockout
e MeJA — Methyl jasmonate
e n — sample size

e Nb — Nicotiana benthamiana
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ODgoo — Optical density at 600 nm

PA — Phosphatidic acid

Pl — Phosphatidylinositol

Pl4P — Phosphatidylinositol 4-phosphate

P1(4,5)P, — Phosphatidylinositol 4,5-bisphosphate

PLC — Phospholipase C

PM — Plasma membrane

gPCR / RT-gPCR — Quantitative PCR / Reverse transcription quantitative PCR
REM1.3 — Remorin 1.3 from potato.

ROS — Reactive oxygen species

RT — reverse transcription

RXLR/AVR

SA — Salicylic acid

SD — Standard deviation

SE — Standard error (error estandar)

SIPLC2 — Solanum lycopersicum Phospholipase C 2 gene
SIPLC2 — Solanum lycopersicum Phospholipase C 2 protein
AtPLC2 — Arabidopsis thaliana Phospholipase C 2 gene
TGN — Trans-Golgi network

WT — Wild type
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92 Introduction

93 Late blight, caused by the oomycete Phytophthora infestans, continues to inflict heavy
94  economic losses on tomato (Solanum lycopersicum) and potato (S. tuberosum) despite
95 decades of resistance breeding (Kamoun et al., 2006; Leesutthiphonchai et al., 2018).
96 The pathogen disseminates in papillate sporangia that either germinate directly or release
97  motile zoospores that encyst and germinate to produce germ-tubes (Judelson & Blanco,
98  2005; Judelson & Ah Fong, 2019). Germ-tubes form small appressoria beside trichomes
99  or anticlinal cell walls (Avrova et al., 2008). Penetration generates a bulbous infection
100 vesicle inside the initially invaded epidermal cell, from which intercellular hyphae emerges
101  and spread into adjacent living cells (Boevink et al., 2020). In each newly colonized cell,
102  digit-like haustoria differentiates, allowing the pathogen to maintain a biotrophic lifestyle
103  (Boevink et al., 2020). These specialized infection structures are enveloped by a newly
104  synthesized membrane that defines a unique host-pathogen interface. In the case of
105 haustoria, this membrane is referred to as the extrahaustorial membrane (EHM) (Bozkurt
106 et al.,, 2011). For infection vesicles, however, no specific name has been assigned,
107  therefore, we will refer to it as the membrane surrounding the infection vesicle stage.
108  Through these interfaces, P. infestans delivers an arsenal of effectors, of particularly
109 interest are RXLR effectors-secreted proteins named after a conserved Arg-X-Leu-Arg
110  motif that suppress immune responses and reprogram host cellular processes to favor
111 colonization (Bozkurt et al., 2011; Dagdas et al., 2016; Avrova et al., 2008). The EHM
112  displays a lipid and protein signature markedly different from the plasma membrane (PM)
113 due to selective vesicle traffic that removes many PM constituents (Bozkurt and Kamoun
114  2020). EHM contains the phosphoinositide PI4P and PI1(4,5)P,, that are related to shaping
115  the surface charge, curvature and membrane architecture (Shimada et al., 2019; Qin et
116  al., 2020; Rausche et al., 2021). This tailored membrane landscape dictates the
117  recruitment of specific host factors among which, remorin nanodomain scaffolds (Bozkurt
118 et al., 2014; Turnbull et al., 2017), the late-endosomal RabG3c GTPase (Bozkurt et al.,
119 2015), and the PI(4,5)P,-specific 5-phosphatase StIPP that locally remodels
120  phosphoinositide pools (Rausche et al., 2021). During the biotrophic phase, the pathogen
121 keeps host cells alive suppressing immunity by delivering effectors across the EHM

122 (Schornack et al., 2010; Whisson et al., 2016). A transcriptional re-programming of the
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123  pathogen, known as biotrophic-necrotrophic switch, trigger a secretion of toxins and
124  microbial proteins that targets dicot plasma membranes, which results in necrotrophy,
125 characterized by host-cell death (Wang et al., 2023). Finally, sporangiophores burst
126  through stomata and lenticels, releasing new sporangia for dispersion (Judelson & Ah
127 Fong, 2019). Yet, even after state-of-the-art ultrastructural, lipidomic and proteomic
128  surveys of EHMs and related host-derived interfaces (Caillaud et al., 2014; Bozkurt &
129 Kamoun, 2020), the host lipid-modifying enzymes and trafficking pathways that sculpt
130 their distinctive membrane landscape remain largely unidentified.

131 One of the routes by which plants convert phosphoinositide signals into immune
132 responses involves the hydrolysis of PI4P and PI(4,5)P, by phosphoinositide-specific
133  phospholipase C (PLC) (Laxalt et al., 2025). Activated PLC hydrolyses either PI4P or
134  PI(4,5)P, to produce diacylglycerol (DAG) and soluble inositol phosphates (IP./IP5).
135 These compounds mobilize vacuolar Ca?* stores, contributing to the generation of
136  calcium signatures characteristic of pattern-triggered immunity. In parallel, DAG is rapidly
137  phosphorylated by DAG kinase (DGK) to form phosphatidic acid (PA). In Arabidopsis,
138  upon flg22 perception, PLC2 and DGKS5 are required for oxidative burst (D'Ambrosio et
139 al,, 2017; Kong et al., 2024). The PLC/DGK-derived PA stabilizes and activates the
140 NADPH oxidase RBOHD at the plasma membrane to enhance ROS production (Zhang
141 etal., 2009; Qi et al., 2024 and Kong et al., 2024). Through this cascade, PLC2 and DGK5
142 link phosphoinositide metabolism to the production of Ca?* and ROS signals that are
143 involved in plant immunity. The conversion of PI4P- and PI(4,5)P, into PA provides a
144  mechanism to dynamically reprogram the electrostatic and signaling properties of the
145  plasma membrane during immune activation. Based on our observations in tomato, we
146  propose that PLCs may contribute to local membrane remodeling by depleting anionic
147  phosphoinositides and generating second messengers that regulate Ca** influx, ROS
148  production, and vesicle dynamics during immune responses.

149 Tomato encodes six PLC genes (SIPLC1-SIPLC6). Loss-of-function of SIPLC2-
150 via either virus-induced gene silencing or CRISPR/Cas9 editing resulted in plants less
151  susceptible to Botrytis cinerea (Gonorazky et al., 2016; Perk et al., 2023). Thus, SIPLC2
152  was proposed as a susceptibility (S) gene (Perk et al., 2023). A S gene is required by the

153  pathogen for a successful colonization, so that recessive loss-of-function alleles confer
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154  broad and often durable resistance (van Schie & Takken, 2014; Pavan et al., 2010). In a
155  similar scenario, we hypothesize that SIPLCs could facilitates P. infestans colonization.
156 We show that SIPLC2 is up-regulated during infection, promotes infection-vesicle
157 formation and pathogen proliferation, modulates ROS production and SA/JA gene
158  expression. SIPLC2 localizes in infection vesicles where P14P- and PI(4,5)P, are present.
159 These findings position SIPLC2 as a susceptibility factor that orchestrates immune
160  signaling and lipid dynamics at host-pathogen interfaces and thus represents a promising
161  new target for durable late-blight resistance.

162
163 Results

164  SIPLC transcripts are differentially induced during P. infestans infection.

165 To investigate whether the SIPLC gene family participates in the tomato immune
166  response to P. infestans, we analyzed their expression dynamics following pathogen
167  inoculation. This analysis builds upon previous findings showing that SIPLC genes are
168  transcriptionally activated in response to the necrotrophic pathogen B. cinerea
169  (Gonorazky et al., 2016). To assess whether phosphoinositide signaling is broadly
170  engaged during pathogen attack, we examined the transcriptional dynamics of the SIPLC
171 gene family during infection by P. infestans. We performed time-course RT-qPCR assays
172 using RNA extracted from whole leaflets drop-inoculated with a zoospore suspension
173  placed on either side of the central vein. Transcript levels of SIPLC1-6 were measured at
174 1, 2, 4, and 6 days post-inoculation (dpi) and compared to non-infected controls. As
175 shown in Supplemental Figure S1, no major transcriptional changes were detected
176  between 1 and 4 dpi, indicating that the early stages of infection do not substantially affect
177  SIPLC transcript abundance at the whole-leaf level. A clear induction of specific SIPLC
178 genes was only observed at 6 dpi, coinciding with the radial expansion of lesions and
179  widespread pathogen colonization. This late transcriptional response likely reflects the
180  spatial heterogeneity of infection foci within the leaflet: while some regions are undergoing
181  necrosis, others are being newly colonized and still experience biotrophic invasion. As a
182  result, the observed expression changes at 6 dpi integrate signals from diverse infection
183  stages across the tissue. By 6 dpi, three members of the family—SIPLC1, SIPLC2, and
184  SIPLC3—exhibited significantly elevated transcript levels (Figure 1). Signaling enzymes

6
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185  often display a property where treatments that activate them lead to an enhancement of
186  their gene expression. This response is thought to be a positive feedback mechanism
187  that primes the cell for further stimulation (Hirt, 1999; Yamamoto,1998). Among the SIPLC
188  gene family members analyzed, SIPLC2 emerged as a candidate since it was previously
189 reported as a susceptibility gene during B. cinerea infections (Gonorazky et al., 2016;

190 Perk et al., 2023) and is transcriptionally induced during P. infestans infection (Figure 1).
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192  Figure 1. SIPLC1, SIPLC2, and SIPLC3 transcript levels are induced during P.
193  infestans infection. Tomato leaflets from 6-week-old plants were inoculated with P. infestans (applied
194  astwo 10 yL droplets of 2x10° zoospores per mL solution on either side of the central vein) or non-infected.
195 Samples were collected at 6 dpi for RNA extraction and gene expression analysis. Transcript levels of
196 SIPLC1 to SIPLC6 were measured by RT-gPCR and normalized to SlActin. Data represent mean *
197  standard error (SE) of eight biological replicates for infected samples and four for non-infected plants.
198  Asterisks indicate statistically significant differences compared to non-infected plants (Dunnett's post-hoc
199 test, *=P <0.05).

200

201
202  SIPLC2-knock out tomato plants are less susceptible to P. infestans.

203 To assess SIPLC2 functional contribution during P. infestans infection, we analyzed two
204 independent SIPLC2 knockout lines (KO-6 and KO-17), generated using CRISPR-Cas9
205 technology reported earlier (Perk et al., 2023). Six-week-old tomato plants were drop-
206 inoculated with P. infestans zoospores and disease symptoms were evaluated at 6 dpi.
207  Both KO lines consistently developed significantly smaller necrotic lesions compared to
208 WT plants (Figure 2 A, B), indicating reduced disease susceptibility. To validate this

209 phenotype at the molecular level, we measured P. infestans biomass via RT-qPCR
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210 targeting the pathogen reference gene PiEF71-a. KO lines showed significantly lower
211  pathogen transcript levels relative to WT plants (Fig. 2 C). As expected, SIPLC2
212  transcripts were undetectable in KO lines due to nonsense-mediated decay confirming
213  the effectiveness of the gene knockout (Supplemental Figure 1). The expression levels
214  of the remaining SIPLC genes were comparable to those in the WT, suggesting that no
215 compensatory mechanisms were activated (Supplemental Figure S1).

216 Then, we evaluated the formation of reproductive structures at later stages of
217  infection. As such, sporulation is not only a marker of pathogen fitness but also reflects
218 the overall progression and success of infection. To evaluate if SIPLC2 KO plants impair
219  P. infestans reproduction, we quantified sporangia production at 2,3,4,5 and 6 dpi. As
220 shown in Fig. 2 D, KO lines exhibited a significant reduction in sporangia quantification
221 relative to WT. The reduced sporangia production in SIPLC2 KO lines indicates that
222 pathogen development is impaired, although the precise stage at which this occurs

223  remains to be determined.
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225 Figure 2. SIPLC2 knockout lines display reduced susceptibility to P. infestans.
226 Detach leaves of WT and SIPLC2 knockout lines (KO-6 and KO-17) were inoculated on the abaxial side
227  with P. infestans zoospores (a 10 uL droplet containing 2 x 10° zoospores per mL) on either side of the
228  central vein. Disease progression was assessed at 6 dpi by comparing lesion development and quantifying
229  pathogen biomass. (A) Representative images of infected leaflets at 6 dpi. KO lines developed visibly
230  smaller necrotic lesions compared to wt. Scale bar = 0.5 cm. (B) Lesion area was quantified from images
231  in (A) using Imaged. Data represent the mean + SE of 300-400 inoculation sites pooled from three
232 independent experiments. Asterisks indicate significant differences compared to WT (Dunnett’s post-hoc
233  test, ** = P <0.0005). (C) Pathogen biomass was determined by RT-qPCR amplification of the P. infestans
234  elongation factor gene (PiEF1-a), normalized against tomato SIACTIN expression from infected and mock-
235  treated leaflets at 6 dpi (n = 12 infected, n = 8 mock), Asterisks indicate statistical significance from WT
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236 plants (Dunnett’s post-hoc test, * = P < 0.05). (D) Time-course of sporulation in leaf discs from WT and
237  SIPLC2 knockout lines (KO-6 and KO-17) following P. infestans inoculation. Leaf discs were drop-
238 inoculated with 200 zoospores in 10 uL droplets. Sporangia were harvested and quantified at the indicated
239  timepoints. Data are presented as box plots representing three independent experiments. Statistical
240  comparisons at 5 dpi and 6 dpi were performed using the Kruskal-Wallis test followed by pairwise Wilcoxon
241  tests. Asterisks denote statistically significant differences (* = p = 0.05; ** = p = 0.01; *** = p = 0.001)
242 based on the Wilcoxon test.

243

244  Attenuated hormonal responses to P. infestans in SIPLC2 knockout tomato plants.

245  To explore the mechanisms underlying the reduced susceptibility observed in SIPLC2 KO
246  plants, we first characterized these responses in WT plants by monitoring the
247  transcriptional dynamics of hormone-responsive gene markers. Salicylic acid (SA) and
248 jasmonic acid (JA) play central, yet often antagonistic, roles in coordinating plant
249  immunity. SA is typically associated with resistance to biotrophic and hemibiotrophic
250 pathogens, while JA predominantly regulates responses against necrotrophs and insect
251  herbivores (Glazebrook, 2005; Mur et al., 2006; Robert-Seilaniantz et al., 2011).
252 However, the crosstalk between these pathways is dynamic and context-dependent,
253  especially during hemibiotrophic infections such as those caused by P. infestans, where
254  hormonal regulation is still not fully understood (Halim et al., 2009; Spoel & Dong, 2008).
255  For the SA pathway, the defense marker gene SIPR1a was significantly induced at 2 dpi,
256 with transcript levels continuing to rise by 6 dpi (Supplementary Figure S2A, Figure 3A).
257 In parallel, expression of the SA biosynthetic gene SIPAL also increased over the course
258  of infection (Figure 3B). However, free SA levels did not increase at 6 dpi (Figure 3C),
259  suggesting that transcriptional activation of the SA pathway does not necessarily translate
260 into detectable changes in free hormone accumulation at this stage. This discrepancy
261  could reflect tight post-transcriptional or metabolic control of SA levels, or the rapid
262  conversion of SA into conjugated or inactive forms not detected in our measurements.

263 We then analyzed JA-related responses. The JA-responsive gene SIPI-Il remained
264 low during early stages of infection, became strongly induced at 4 dpi, and returned to
265 basal levels by 6 dpi (Supplementary Figure S2 B). This transient induction is consistent
266  with a short-lived activation of JA signaling, likely associated with the onset of the
267 necrotrophic phase and the presence of damage-associated molecular patterns
268  (DAMPs). Upregulation of the JA biosynthetic gene SILoxD (Figure 3E), together with a

269  significant increase in JA levels at 6 dpi in WT plants (Figure 3F), indicates activation of

10
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270 the JA pathway during the later stages of infection. In contrast, levels of methyl jasmonate
271 (MeJA) did not show significant variation at this stage (Figure 3G).

272 To determine whether hormonal responses were altered in the absence of SIPLC2,
273  we examined the expression of hormone-responsive genes, biosynthetic markers, and
274 hormone levels in KO lines. In the SA pathway, the expression of the SA-responsive gene
275  SIPR1a was significantly reduced in KO plants compared to WT at 6 dpi (Figure 3A). This
276  attenuated induction may reflect an impaired in SA signal transduction downstream of
277  hormone perception. Similarly, the expression of the SA biosynthetic gene SIPAL was
278 also lower in KO lines relative to WT (Figure 3B). Despite these transcriptional
279  differences, total SA levels remained comparable between genotypes at 6 dpi (Figure
280 3C). To our surprise KO non-infected detached leaves after six days exhibited
281  significantly higher SA levels than WT (Figure 3C).

282 In the JA pathway, the expression of the JA-responsive gene SIPI-Il was
283  significantly lower in KO plants compared to WT at 4 dpi (Figure 3D) and never reached
284  WT levels throughout the time course. Interestingly, while transcript levels declined
285 rapidly in WT by 6 dpi, KO lines maintained slightly higher levels at this later stage. This
286  suggests a slower decline in SIPI-Il expression rather than sustained activation. Such a
287 profile may reflect delayed resolution of the response in the absence of SIPLC2.
288  Consistently, the expression of the JA biosynthetic gene SILoxD was also lower in KO
289 plants (Figure 3E), JA levels during infection were significantly reduced in one line and
290 statistically intermediate in the other, relative to WT (Figure 3F). These results show that
291  JA pathway activation is reduced in KO plants during infection. KO plants exhibited
292  significantly reduced levels of methyl jasmonate (MeJA) under non-infected conditions,

293  which correlates with elevated SA levels (Figure 3G).

11
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295 Figure 3. Hormonal imbalance and altered transcriptional responses in SIPLC2

296  knockout lines during P. infestans infection. WT and SIPLC2 knockout tomato lines (KO-6
297  and KO-17) were inoculated with P. infestans zoospores (2 x 10° per leaflet, applied as two 10 yL droplets
298  from a 2x10° solution on either side of the central vein). (A-B-D-E) Transcriptional responses were analyzed
299 by RT-gPCR at different dpi. Values were normalized to SIACTIN. (A) SIPR1a (salicylic acid marker), (B)
300  SIPAL (SA biosynthesis), (D) SIPI-Il (jasmonic acid marker), (E) SILOXD (JA biosynthesis). Data represent
301 the mean t SE of biological replicates (n = 12 for infected samples at 6 dpi, n = 8 at 4 dpi, n = 4 for mock
302  controls). Different letters indicate statistical differences (Dunnett’s test, * = P < 0.05). (C-F-G) Quantification
303 of endogenous hormone levels by LC-MS/MS in aerial tissues at 6 dpi in infected or non-infected plants.
304  Results were expressed as nanograms per milligram of fresh weight. (C) Salicylic acid (SA), (F) Jasmonic
305 acid (JA), (G) Methyl jasmonate (MeJA). Data represent the mean + SE of biological replicates (n = 5).
306  Different letters indicate statistical differences (Dunnett’s test, * = P < 0.05).

307

308 WT plants and both SIPLCZ2 knockout lines exhibited comparable basal levels of
309 SA, JA and MeJA (Supplementary Figure 3). Hormone quantification was performed
310 using detached leaves that were immediately processed after excision to minimize
311  artifactual changes in endogenous hormone levels.

312 To assess whether the hormonal alterations observed in KO plants were specific
313 to defense-related pathways, we also measured the levels of other phytohormones such
314  as abscisic acid (ABA) and indole-3-acetic acid (IAA). Their levels remained unchanged
315 in KO compared to WT plants at 6 dpi (Supplementary Figure S 4 A B), suggesting that
316 the effects of SIPLC2 disruption are specific to SA and JA pathways rather than reflecting
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317 a broader hormonal imbalance. Altogether, these findings indicate that absence of
318 SIPLC2 leads to altered SA- and JA-related responses.
319

320 ROS production and callose deposition are impaired in SIPLC2 KO plants.

321  Given the reduced susceptibility observed in SIPLC2 KO plants and altered hormonal
322 balance and gene expression, we investigated whether this phenotype is associated with
323 alterations in immune signaling events regulated by SIPLC2. PI-PLCs are required for
324  ROS production via NADPH oxidase RBOHD during pathogen perception (Laxalt et al.,
325 2025). For that, we assessed ROS accumulation at 1 dpi, through 3,3'-diaminobenzidine
326 (DAB) staining. While WT plants displayed strong hydrogen peroxide (H,O,)
327 accumulation around infection sites KO lines exhibited significantly reduced DAB staining
328 (Figure 4 A B), consistent with a disruption in oxidative signaling due to the absence of
329 SIPLC2.

330 One of the key defense processes regulated downstream of ROS is callose
331 deposition (Luna et al., 2011; Kadota et al., 2014). We assessed whether this defense
332 mechanism was also impaired in KO lines. Leaves were stained with aniline blue at 2 dpi
333 to visualize callose deposition. While WT plants exhibited robust callose accumulation
334 around infection sites, KO lines showed a marked reduction in both signal intensity and
335 coverage (Figure 4 C D), indicating that ROS-dependent structural defenses are also
336 attenuated in the absence of SIPLC2. Together, these findings suggest that SIPLC2
337 contributes to immune signaling, influencing both ROS accumulation and the activation
338  of downstream defense pathways, including hormonal responses and callose deposition.
339
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340

341 Figure 4. Attenuated ROS production and callose deposition in P. infestans
342 inoculated SIPLC2 knockout plants. Leaflets from wild-type (WT) and SIPLC2 knockout tomato
343  lines (KO-6 and KO-17) were inoculated with P. infestans zoospores (2 x 10° zoospores per mL as a 10 L
344  droplet). (A) Detection of hydrogen peroxide (H,O,), 1 dpi using 3,3-diaminobenzidine (DAB). A
345  representative image of H,O, accumulation, (visualized as brown precipitate). Scale bar = 4 mm. (B)
346  Quantification of DAB staining intensity using Imaged, expressed as mean gray value per mm?2. (C)
347  Detection of callose in 2 dpi infected leaves by aniline blue staining under epifluorescence microscopy
348 (excitation 365/10 nm; emission 460/50 nm). A representative image of callose deposition is shown. Scale
349 bar = 200 um. (D) Quantification of callose deposition was carried out using ImageJ by measuring the
350 number of fluorescent callose deposits per mm?2. In all panels, data represent mean + SE of at least three
351 independent biological replicates. Asterisks indicate statistically significant differences compared to WT
352  (Dunnett’s test, P < 0.05).

353

354
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355 Delayed progression of P. infestans infection in SIPLC2 knockout tomato plants

356  To characterize the initial stage of P. infestans colonization in tomato, we focused on the
357 formation of infection vesicles—specialized intracellular structures that represent the first
358 interface between the pathogen and the host cell. To enable microscopic visualization of
359 these early infection events, we used the P. infestans 88069tD strain, which expresses
360 tdTomato (Red channel) allowing direct observation of oomycete structures within plant
361 tissue (Figure 5 A B). Quantification of infection vesicles on tomato leaves revealed a
362  significant reduction in the number of infection vesicles formed in the KO lines compared
363 to WT plants (Figure 5 C). This difference suggests that SIPLC2 may contribute to the
364 infection vesicle formation.

365 To gain deeper insight into infection progression, we quantified PiAvrblb2, an
366 RXLR-type effector typically expressed during the biotrophic phase of P. infestans.
367 Expression values (relative to the endogenous pathogen reference PiELF-1) were directly
368 compared against plate-grown mycelia (Mycelia) as the reference condition. At 1 dpi,
369 PiAvrblb2 levels did not differ from Mycelia in any line. At 2 dpi, WT plants showed a
370  significant induction vs Mycelia, whereas KO lines did not (Figure 5D). By 4 dpi, PiAvrblb2
371 in WT was no longer different from Mycelia, while both KO lines exhibited a significant
372 induction (Figure 5D). This kinetics suggest that the onset of infection is delayed in KO
373  backgrounds relative to WT. At 4 dpi, the constitutive pathogen transcript PiEF1-a
374 accumulated in WT but remained lower in the KO lines, indicating delayed pathogen
375 progression in the absence of SIPLC2 (Supplemental Figure S5). Together with the
376  reduced infection-vesicle formation, lower pathogen load, decreased sporangia
377 development, and delayed induction of biotrophy-associated effectors such as PiAvrblb2,
378 these findings support a role for SIPLC2 in facilitating early host colonization by P.
379 infestans. Interestingly, members of the PiAvrblb2 effector family have been shown to
380 promote P. infestans virulence by targeting multiple layers of host immunity, including
381  MAPK signaling, apoplastic protease activity, and Ca?*-dependent signaling; thus, the
382 delayed induction of PiAvrblb2 in the KO background is likely to further compromise
383 pathogen establishment (Bozkurt et al., 2011, Naveed et al., 2019, Lee et al., 2023).
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385 Figure 5. Altered infection dynamics of P. infestans in SILC2 KO Tomato Lines
386 Detached leaflets from WT and KO tomato plants were drop-inoculated on the abaxial surface with 10 pL
387  of asuspension containing 2 x 103 zoospores of P. infestans PinSL-19 or 88069td expressing a cytoplasmic
388 tdTomato (RFP). Infected leaves were incubated under high humidity conditions and sampled at 1-, 2-, and
389  4-days post-inoculation (dpi). Then leaf 1 cm diameter disk were exscinded from the infection site to further
390 analysis.

391 (A) Schematic representation of the P. infestans infection process showing an epidermal cell with a
392 germinating zoospore forming an appressorium, a spherical infection vesicle, and a primary hypha. Z1 and
393  Z2 correspond to different focal planes from the microscopy image.

394 (B) Representative confocal images of an infection vesicle at 1 dpi in S. lycopersicum leaf tissue inoculated
395  with P. infestans strain 88069td expressing tdTomato. Optical sections are shown at Z1 and Z2 planes.
396 Images were acquired with a Nikon C1siR laser-scanning confocal microscope equipped with a Plan Fluor
397  40x% objective and controlled with Nikon EZ-C1 software. tdTomato fluorescence was detected in the RFP
398 channel (excitation 543 nm; emission 560-615 nm). Laser intensity, detector gain, and offset were kept
399 constant across samples within the experiment. Scale bar = 10 uym.

400 (C) Quantification of infection vesicles of 88069td at 1 dpi in WT and KO genotypes in tomato. Infection
401  vesicles were visualized by epifluorescence microscopy, and the number of vesicle-containing cells was
402 quantified from at least three fields per disk (24 disks per biological replicate, three biological replicates).
403 (D) Transcript levels of the P. infestans effector gene PiAvrblb2, measured by RT-qPCR at plate, 1, 2, and
404 4 dpi in infected leaf tissue. For expression analyses, tomato leaflets were infected with PiNSL-
405 19 strain and sampled at the indicated time points. From each leaflet, a 1 cm diameter disk was excised
406  using a cork borer and immediately frozen in liquid nitrogen. For each biological replicate (n = 4), total RNA
407  was extracted from a pool of 8 disks. PiAvrblb2 transcript levels were quantified using gene-specific primers
408  (Supplemental Table S1), normalized to the constitutive P. infestans gene PiEF1-a. The Mycelia (plate
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409  culture) condition was used as the control. For each line x time post-inoculation (dpi) combination, an
410 independent comparison against Mycelia was performed using a two-sided Welch’'s t-
411  test (ttest_ind, equal_var=False), without any global model. To control the family-wise error rate across
412  multiple comparisons, p-values were adjusted using the Holm-Bonferroni method
413 (multipletests, method="holm"). Statistical significance was set at a = 0.05 (adjusted).

414
415
416 SIPLC2 localizes to infection vesicles and promotes host susceptibility.

417 The observed alteration in infection establishment prompted us to investigate how
418  SIPLC2 contributes to the first stages of P. infestans colonization at the cellular level. To
419 do so, we investigated its subcellular localization by transiently expressing SIPLC2 fused
420 to GFP in N. benthamiana leaves. Under non-infected conditions, SIPLC2-GFP
421  fluorescence was predominantly localized at the plasma membrane, while free GFP
422  exhibited diffuse cytosolic and nuclear distribution (Supplementary Figure S6A). A weaker
423 but detectable SIPLC2-GFP signal was also observed in the cytosol, indicating that the
424  fusion protein localizes to both membranes and the cytosol. Expression of the SIPLC2-
425  GFP construct was validated by RT-PCR and western blotting confirming the presence
426  of the expected transcript and tagged protein (Supplementary Figure S6 B C). Following
427  inoculation with strain 88069td, at 1 dpi a subset of SIPLC2-GFP signal localized to
428 discrete punctate structures that partially overlapped with RFP-labeled infection vesicles
429  (Figure 6 A), indicating localization to interface membranes. In contrast, GFP alone was
430 not observed at the sites of infection vesicles (Figure 6 A). These observations highlight
431 the specific association of SIPLC2-GFP with the plasma membrane and its localization
432 toward host-pathogen interface membranes at the site of infection vesicles.

433 To further investigate whether the distribution of SIPLC2 correlates with changes
434 in the spatial distribution of its potential substrates, we analyzed the localization of
435  phosphoinositides-P14P and PI(4,5)P,-using fluorescent lipid biosensors, which consist
436 of specific lipid-binding domains fused to a fluorescent protein (Simon et al.,, 2014)
437  expressed in N. benthamiana leaves. The PI4P sensor was strongly localized at the
438  plasma membrane under non-infected conditions (Supplementary Figure S6 D), but upon
439  infection, it also localized at the membrane around infection vesicles (Figure 6 A). The
440 PI(4,5)P, sensor showed a partial membrane and cytosolic distribution in both infected

441 and non-infected cells and was detectable at the membrane surrounding infection
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442  vesicles (Figure 6 A, Supplementary Figure S6 D). Both sensors marked membranes
443  associated with infection vesicles, but with reduced signal intensity relative to the plasma
444  membrane, reflecting the distinct lipid composition of these newly formed host-pathogen
445 interface membranes (Figure 6A, Supplementary Figure 7). SIPLC2 localizes the plasma
446  membrane and to infection-associated vesicles during infection, whereas the GFP control
447  remains confined to the cytosol (Supplementary Figure 7).

448 Finally, reasoning that SIPLC2 KO lines are less susceptible to P. infestans
449 infection, we hypothesized that overexpression of SIPLC2 might have the opposite effect.
450 To test this, we assayed disease progression in N. benthamiana leaves transiently
451  overexpressing SIPLC2-GFP or GFP alone. At 6 dpi, leaves expressing SIPLC2-GFP
452  developed significantly larger necrotic lesions compared to GFP-expressing controls
453  (Figure 6 B), indicating that elevated SIPLC2 expression can enhance disease

454  susceptibility.
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456  Figure 6. Subcellular localization of SIPLC2-GFP, PI4P and PI(4,5)P; in P. infestans-

457 infection vesicles in Nicotiana benthamiana. Detached Nicotiana benthamiana leaves were
458  agroinfiltrated with constructs expressing SIPLC2-GFP, GFP, the PI4P sensor (mCitrine-2xPHrarp1), or the
459 P1(4,5)P, sensor (mCitrine-2xPHpLc). At 48 hours post-agroinfiltration, leaves were drop-inoculated on the
460  abaxial surface with 10 pL of a suspension containing 2 x 10° zoospores per mL of P. infestans. Infected
461 leaves were incubated under high humidity conditions and imaged by confocal microscopy at 1-day post-
462  inoculation (dpi).

463 (A) Confocal images of N. benthamiana epidermal cells at 1 dpi with P. infestans 88069td, showing the
464 localization of SIPLC2-GFP, GFP, the PI4P sensor (mCitrine-2xPH(rarp1) and the PI(4,5)P, sensor
465 (mCitrine-2XPHpLc). SIPLC2-GFP accumulates in punctate structures partially overlapping with RFP-
466  labeled infection vesicles. GFP alone localizes to the cytosol and nuclei. PI4P and PI(4,5)P, sensors show
467 membrane-associated and cytosolic signals, including enrichment around infection vesicles Scale bar = 10
468 pm. cyt : Cytosol , pm : Plasma membrane , v : Infection vesicle , h : hyphae.

469 (B) Quantification of lesion size at 6 dpi in N. benthamiana leaves transiently expressing SIPLC2-GFP or
470 GFP infected with P. infestans (PinSL-19). Infections were performed using the same inoculation method
471 and zoospore concentration as in panel A. (C) Representative picture, Scale bar = 1 cm.

472
473

474 Discussion

475  Our results identify SIPLC2 as a susceptibility gene in tomato that modulates both the
476  timing and magnitude of immune responses during P. infestans infection. Using
477 CRISPR/Cas9-generated knockout lines in combination with gene expression and
478  hormonal profiling, cellular imaging, and functional assays, we demonstrate that SIPLC2-
479 KO plants are less susceptible to infection. This reduced susceptibility correlates with
480 attenuated immune responses and impaired formation of infection vesicles. Notably,
481  SIPLC2-GFP localizes to the plasma membrane in uninfected tissue but is recruited to
482 infection vesicles during early colonization, suggesting that SIPLC2 operates at the host-
483  pathogen interface. Together, these findings support a role for SIPLC2 in immune signal
484  transduction and membrane remodeling during the establishment of infection. This
485 expands previous work implicating phosphoinositide-modifying enzymes as central
486  regulators of plant immunity (Abd-El-Haliem & Joosten, 2017; Rausche et al., 2021;
487  Heilmann & Heilmann, 2022; Robuschi et al., 2024; Qin et al., 2020; Shimada et al., 2019,
488  Guyon et al., 2025).

489

490 Transcriptional induction of SIPLC2 and related genes during infection

491  Gene expression analysis revealed that SIPLC2 is strongly induced at 6 dpi, coinciding

492  with the appearance of necrotic lesions and sporulation. This transcriptional activation
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493  occurs alongside that of other PLC paralogs such as SIPLC1 and SIPLC3, suggesting a
494  broader engagement of the PLC family during infection. SIPLC2 was prioritized for
495 functional studies based on previous evidence linking it to susceptibility to B. cinerea
496  (Gonorazky et al., 2016; Perk et al., 2023). In the context of P. infestans-a hemibiotroph
497  with a radially progressing infection front-different leaflet zones likely correspond to
498  biotrophic or necrotrophic stages. Therefore, SIPLC2 upregulation at 6 dpi may reflect its
499 involvement across multiple infection phases. Notably, disruption of SIPLC2
500 compromises disease development in interactions with both B. cinerea and P. infestans,
501  supporting its role as a conserved vulnerability factor targeted by distinct pathogen types.
502 Together, these observations position SIPLC2 as a transcriptionally responsive
503  susceptibility gene that contributes to infection progression across pathogen lifestyles,
504 and phylogenetically unrelated.

505

506 Hormonal reprogramming in SIPLC2 knock-out plants.

507 Hormonal profiling of SIPLC2 KO plants during P. infestans infection revealed an altered
508 immune signaling landscape. While total SA and MeJA levels did not differ consistently
509  significantly between genotypes during infection, and JA levels were reduced in one of
510 the two KO lines, the expression of key SA-associated and JA-associated genes was
511  significantly lower in KO lines compared to WT. Given the well-characterized antagonism
512 between SA and JA signaling (Glazebrook, 2005; Robert-Seilaniantz et al., 2011), the
513 altered gene expression observed in KO plants likely contributes to enhanced resistance.
514 However, another plausible explanation is that the reduced JA and SA signaling observed
515 in SIPLC2 KO plants could also reflect a diminished pathogen proliferation rather than a
516  direct regulatory role of SIPLC2 in hormone signaling.

517 Further supporting a role for SIPLCZ2 in modulating hormone-dependent defenses,
518 several studies in tomato have shown that perturbations in SA and JA pathways can result
519 in either increased susceptibility or enhanced resistance, depending on the genetic
520 context. For instance, while mutants such as NahG, jai1, spr2, and def1-which exhibit
521 impaired salicylic acid (SA) or jasmonic acid (JA) signaling-tend to be more susceptible
522  to various pathogens or herbivores (Lépez-Gresa et al., 2016; Li et al., 2004; Howe et al.,

523  1996), other genetic perturbations-such as sldmr6-1 or RNAi SIS5H-enhance disease

21


https://doi.org/10.1101/2025.09.21.677499
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.21.677499; this version posted September 21, 2025. The copyright holder for this preprint
(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 made
available under a CC-BY 4.0 International license.

524 resistance by modulating hormone homeostasis or activating defense responses
525 (Thomazella et al., 2021; Paya et al., 2022). Notably, in SIPLCZ2 KO plants, both SA- and
526 JA-related gene expressions are downregulated during infection, and yet plants exhibit
527 less susceptibility to P. infestans. This contrasts with the established pattern where
528 disruption of hormone signaling or synthesis pathways weakens defense, suggests that
529 SIPLC2 promotes disease not simply by modulating hormone output, but by facilitating
530 pathogen compatibility, positioning it as a bona fide susceptibility gene whose inactivation
531 enhances resistance.

532 Interestingly, SIPLC2 KO plants also accumulated higher levels of SA under mock
533 conditions (detached leaflets incubated under high humidity), suggesting that SIPLC2
534  deficiency may alter responsiveness to environmental or mechanical stimuli. While this
535 observation does not reflect basal physiology, since SA levels in planta are the same as
536 in WT, it provides indirect evidence that SIPLC2 influences the sensitivity or threshold of
537 hormonal signaling pathways even in the absence of infection. Notably, levels of other
538 hormones such as abscisic acid (ABA) and indole-3-acetic acid (IAA) remained
539 unchanged in the KO lines, reinforcing the idea that SIPLC2 selectively affects defense-
540 related hormonal circuits.

541 Altogether, these findings indicate that SIPLC2 KO plants exhibit an overall
542  attenuation of SA and JA signaling during P. infestans infection. This hormonal phenotype
543  suggests that SIPLC2 plays a positive regulatory role in the activation of these pathways.
544  The impaired transcriptional induction of SA- and JA-related genes in the absence of
545  SIPLCZ2 underscores its functional contribution to the immune hormone signaling network.
546

547 ROS and immune defense

548 SIPLC2 KO lines exhibited impaired defense responses upon P. infestans infection,
549 including reduced accumulation of ROS and diminished callose deposition suggesting
550 that SIPLC2 contributes directly to the proper activation of immune responses. These
551 responses are essential for initial immune activation and cell wall reinforcement (Mittler,
552  2017; Kadota et al., 2014). AtPLC2 interacts with RBOHD, regulating ROS production
553 (D'Ambrosio et al., 2017). Possibly SIPLC2 operates within a conserved lipid-mediated

554  signaling cascade. Although only ROS were directly measured in this study and other
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555 components were not assessed, the signaling module appears conserved, suggesting
556  that SIPLC2 may coordinate immune activation, including Ca?* and MAPK cascades, and
557 gene expression. This interpretation is further supported by the reduced callose
558 deposition observed in SIPLC2 KO plants, a defense response that functions downstream
559  of ROS accumulation, indicating that immune signaling is attenuated. In line with this, the
560 expression of defense-related genes associated with SA and JA pathways are also
561 diminished in the knockout lines.

562 Interestingly, despite reduced ROS accumulation, SIPLC2 KO plants were less
563  susceptible to P. infestans. A similar trend was reported in transgenic potato plants
564 overproducing L-ascorbate, which exhibited reduced hydrogen peroxide levels yet
565 showed delayed disease progression and milder necrotic symptoms upon P. infestans
566 infection (Chung et al., 2019). This apparent contradiction highlights the complex role of
567 ROS in interactions with hemibiotrophic pathogens. Rather than acting as purely
568  protective agents, ROS must be tightly regulated, as their over- or underproduction can
569 compromise defense (Torres et al., 2005; Camejo et al., 2016; Qi et al., 2017; Smirnoff &
570  Arnaud, 2019). In this context, SIPLC2 may modulate the intensity and spatial distribution
571  of oxidative bursts during infection. Other mechanisms, such as tomato long non-coding
572 RNAs (IncRNAs) that fine-tune ROS output by regulating redox-related gene expression
573  during Phytophthora infection, illustrate additional layers of redox control (Cui et al.,
574  2017). Disruption of SIMYBS2, a gene previously associated with defense responses,
575 results in increased susceptibility to P. infestans, characterized by larger lesion areas,
576  extensive cell death, and enhanced accumulation of ROS (Liu et al., 2021).-These distinct
577  but complementary pathways highlight the multifaceted regulation of ROS homeostasis
578 during host-pathogen interactions. Supporting this, NbPLC2-silenced N. benthamiana
579  plants exhibited impaired ROS and callose responses to bacterial elicitors (Kiba et al.,
580 2020). However, in that case, the suppression of NbPLC2 led to increased susceptibility
581 to Pseudomonas syringae, contrasting with the enhanced resistance observed in SIPLC2
582 KO lines. This discrepancy may reflect differences in the pathogens used (bacteria vs.
583 oomycetes), or functional divergence among PLC paralogs. Together, these observations

584 support a role for SIPLC2 in modulating immune responses during the onset of P.
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585 infestans infection. In particular, SIPLC2 appears to influence the oxidative burst and cell
586  wall-associated defenses that shape the outcome of early colonization.
587

588 SIPLC2 localizes in host derived membrane surrounding infection vesicles and

589 contributes to lipid remodeling.

590 We observed a significantly lower number of infection vesicles, each delimited by a
591 membrane interface analogous to the EHM, in SIPLC2 KO plants at 1 dpi. These vesicles
592 represent the first physical interfaces between P. infestans and host cells, and their
593 reduced formation may stem directly from the absence of SIPLC2 activity. Fewer infection
594  vesicles could attenuate immune outputs in KO plants, resulting in a lower degree of
595 pathogen proliferation together with a reduced host immune response. Thus, we studied
596 the SIPLC2 localization during infection. Under non-infected conditions, SIPLC2-GFP
597 localizes to the plasma membrane. However, during P. infestans infection, it is also
598 localized at the membrane surrounding the infection vesicles. These vesicles are
599 pathogen-induced host compartments that function as specialized interfaces for effector
600 delivery and immune suppression (Bozkurt et al., 2011). Infection vesicles represent one
601 of the earliest host-pathogen interfaces established after appressorium penetration,
602  preceding haustorium formation and serving as an initial site of effector delivery and
603  hyphal emergence. Despite their importance in early colonization, host-derived proteins
604  have rarely been reported in these structures. Our observation of SIPLC2-GFP in infection
605  vesicles thus constitutes the first report of a host-encoded enzyme localized to this
606 compartment, highlighting a previously unexplored layer of host membrane remodeling
607  atthe onset of P. infestans invasion. Given the current constraints of our imaging system,
608  we could not resolve SIPLC2 localization at the haustoria. Further studies are planned to
609 address this limitation. Nevertheless, the presence of SIPLC2 in infection vesicles
610 therefore opens a new perspective on host phosphoinositide signaling and protein
611 localization during the earliest stages of pathogen invasion, before haustoria
612  differentiation is established.

613 Recent studies have revealed that the EHM, exhibits a phosphoinositide and
614  protein composition that diverges markedly from that of the plasma membrane, likely due

615 to selective vesicular trafficking and membrane remodeling events during pathogen
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616  colonization (Bozkurt & Kamoun, 2020). Rausche et al. (2021) characterized StIPP, a
617 PI(4,5)P, 5-phosphatase that hydrolyzes PI1(4,5)P, to PI4P and localizes to the EHM
618 during P. infestans infection. While this enzyme is transcriptionally induced by PAMPs
619 and localizes to infection sites, silencing StIPP in potato did not lead to increased
620  susceptibility or resistance, suggesting that its contribution to defense is subtle or
621 redundant under native conditions. In Arabidopsis, Qin et al. (2020) showed that PI(4,5)P,
622 accumulates at the EHM during infection by Erysiphe cichoracearum, and that pip5k1
623  pipSk2 double mutants-lacking two PI4P 5-kinases responsible for PI(4,5)P, synthesis-
624  display strong resistance to E. cichoracearum and Albugo candida. In addition, Shimada
625 et al. (2019) used an estradiol-inducible system to transiently express PIP5K3-GFP and
626 demonstrated that increased PI(4,5)P, accumulation at the extra-invasive hyphal
627 membrane (EIHM) correlates with enhanced susceptibility to Colletotrichum. In contrast,
628 PI(4,5)P, enrichment was not observed at the EHM during infection by Hyloperonospora
629  Arabidopsis or Golovinomyces orontii, indicating that this lipid remodeling is specific to
630 the interaction. In N. benthamiana roots colonized by the mutualistic fungus Funneliformis
631 mosseae, Guyon et al. (2025) showed that PI4P, rather than PI1(4,5)P,, accumulates at
632 the EHM during Phytophthora palmivora infection correlating with enhanced resistance.
633  Notably, the resistant state and altered phosphoinositide landscape were dependent on
634  prior mycorrhizal colonization, indicating that mutualists can reprogram host membrane
635 identity to restrict pathogen invasion. In Lotus japonicus during symbiotic infection by
636  Mesorhizobium loti (Akamatsu et al., 2025) mutants impaired in phosphoinositide
637 metabolism (pip5k4, pipSk6, plp4) exhibited reduced PI(4,5)P, content and enhanced
638 infection thread formation. These findings suggest that, unlike in pathogenic interactions
639 with filamentous microbes, PI(4,5)P, acts as a negative regulator of infection in L.
640  japonicus, serving as a molecular brake to prevent over-colonization. That evidence is
641  consistent with findings by Guyon et al. (2025), who showed that PI4P accumulation at
642 the EHM correlates with enhanced resistance in mycorrhiza-primed roots during P.
643  palmivora infection, and with observations by lvanov & Harrison (2018), who reported the
644  accumulation of PI4P and PI(4,5)P, in distinct domains of the periarbuscular membrane
645 during arbuscular mycorrhizal symbiosis. This highlights the context-dependent role of

646  phosphoinositides, which can either promote or restrict microbial accommodation

25


https://doi.org/10.1101/2025.09.21.677499
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.21.677499; this version posted September 21, 2025. The copyright holder for this preprint
(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 made
available under a CC-BY 4.0 International license.

647  depending on whether the interaction is pathogenic or symbiotic. Although PA distribution
648 was not addressed in the mycorrhiza study, one could speculate that the absence or
649  scarcity of PA, that is produced downstream DAG formation by SIPLCs, might prevent
650 phosphoinositide from ‘diverting’ towards pathogen-favorable membrane remodeling,
651 thereby maintaining a symbiotic-compatible interface.

652 SIPLC2 localizes to infection vesicles, where we detected the presence of Pl4P
653 and PI(4,5)P,. This spatial coincidence suggests that SIPLC2 may act on infection vesicle
654 membranes containing phosphoinositide during P. infestans colonization, modulating
655 their composition and function. Notably, the relative distribution of these lipids in infection
656  vesicles differs from that observed at the plasma membrane, further supporting the notion
657 that these vesicles represent a distinct and pathogen-induced membrane domain. Our
658 findings position SIPLC2 as a modulator of membrane lipid composition at infection
659  vesicles during P. infestans colonization. By hydrolyzing PI4P and PI(4,5)P,, SIPLC2
660  promotes the depletion of these lipids from membranes, triggering the generation of DAG
661 and IP,/IP; and possibly initiating downstream events that support vesicle expansion and
662  structural remodeling. This enzymatic activity likely facilitates the formation and
663  stabilization of membrane compartments required for effector secretion and pathogen
664  progression in the infection vesicle. In barley, silencing of PLC1 enhances susceptibility
665 to the biotrophic fungus Blumeria hordei (Weil} et al., 2025). In the absence of SIPLC2,
666  higher local levels of PI4P and PI(4,5)P, may persist at infection sites and its excessive
667 accumulation can disrupt the specialized membrane environments required for infection
668  progression. In line with this, SIPLC2 knockout plants are less susceptible to P. infestans,
669  whereas overexpression of SIPLC2 in N. benthamiana increases susceptibility. These
670  results support a model in which SIPLC2 also promotes infection by catalyzing the
671 turnover of phosphoinositide at early host-pathogen interfaces, enabling vesicle
672  biogenesis and effector accommodation.

673

674 Proposed model and concluding remarks

675 Based on our results and previous studies, we propose a model describing the role of
676  SIPLC2 during P. infestans infection (Figure 7). SIPLC2 localizes to the plasma

677 membrane and to the membranes surrounding infection vesicles. At these pathogen-
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678 induced membrane domains, SIPLC2 may hydrolyze PI4P and PI(4,5)P,, generating the
679 second messengers IP,/IP; and PA (derived from the DAG phosphorylation). This
680 localized lipid turnover could facilitate membrane remodeling and the accommodation of
681  pathogen structures, promoting colonization. In parallel, at the plasma membrane,
682 SIPLC2 may participate in immune signaling by generating IP,/IPs/PA upon pathogen
683  recognition. These messengers trigger calcium influx and ROS production via RBOHD,
684 and downstream regulation of SA- and JA-defense responses, linking SIPLC2 to both
685 membrane remodeling and immune signal transduction. Although the two processes are
686  represented separately in our model, we cannot exclude the possibility that the signaling
687 events illustrated at the plasma membrane also take place at the host-derived membrane
688 enclosing the infection vesicle. It would be interesting to see, for instance RBOHD
689 localization at the host-derived membrane.

690 This work represents one of the first reports of a host lipid-signaling enzyme
691 accumulating at P. infestans-induced infection vesicles. SIPLC2 exemplifies a class of
692 dynamically localized susceptibility factors whose lipid signaling activity is intimately
693  linked to pathogen accommodation. Unraveling how such host components contribute to
694 vesicle formation and immune modulation will expand our understanding of host-
695 pathogen interactions and open new avenues for engineering durable resistance in

696 solanaceous crops.
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698 Figure 7. Proposed model of P. infestans infection and the role of SIPLC2. Upon
699 contact with the host surface, P. infestans establishes infection vesicles as the initial intracellular interfaces.
700  These pathogen-induced compartments are associated with early immune responses such as reactive
701 oxygen species (ROS) production and callose deposition. SIPLC2 localizes both to the plasma membrane
702  and to membranes surrounding the vesicle membrane, where it hydrolyzes phosphoinositides PI4P and
703 P1(4,5)P,, generating second messengers that may modulate immune signaling and vesicle remodeling. In
704  the image, the membrane surrounding the infection vesicle is shown in red and the host plasma membrane
705  is shown in green.

706

707
708 Materials and Methods

709 Plant and oomycete material

710 Tomato plants (Solanum lycopersicum cv. Moneymaker, MM-Cf0) and CRISPR/Cas9-
711 generated knockout lines KO-6 and KO-17 (Perk et al., 2023) were grown from seeds in
712 commercial Growmix substrate under controlled environmental conditions (16 h light / 8
713 h dark photoperiod, 25 °C, 70% relative humidity). Plants were used at 6 weeks of age.
714  For each genotype, five plants were analyzed per biological replicate, and experiments
715  were conducted in triplicate unless otherwise stated.

716 Nicotiana benthamiana plants were also grown from seed in Growmix under the
717 same environmental conditions and used at 4 weeks of age for transient expression

718  assays.
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719 The P. infestans isolate used in this study, designated PinSL-19, was previously
720 obtained by (Juarez et al 2023). PinSL-19 was identified as belonging to the EU_2_ A1
721  genotype, the dominant clonal lineage currently circulating in Argentina, Chile, and Brazil
722 (Juarez et al 2023).)

723  P. infestans infection assay

724  P. infestans isolate PinSL-19 was maintained on Rye Sucrose Agar (RSA) as described
725 by Caten & Jinks (1968), and zoospores were isolated following Tooley et al. (1986). Six-
726  week-old tomato leaves were detached and placed in plastic humidity chambers (sealed
727  trays covered with plastic film). For each genotype, ten leaflets from five individual plants
728 (two leaves per plant) were used per biological replicate, and the experiment was
729  performed in triplicate. Each lateral leaflet (excluding the central leaflet) was inoculated
730 on the abaxial with two droplets of 10 yL of 2 x 10° zoospore/mL suspension using a
731  multichannel repeating pipette. Control leaves were inoculated in parallel with sterile
732 water. Inoculated leaves were incubated at 25°C with high humidity, and infection
733  progression was evaluated at 6 days post-inoculation (dpi) by measuring lesion area per
734  inoculation point using Imaged software.

735 RNA extraction and RT-gPCR gene expression analysis

736 Total RNA was extracted from tomato leaves collected at 0, 1, 2, 4, and 6 days post-
737 inoculation (dpi) with P. infestans, using the TRIzol reagent according to the
738  manufacturer’s instructions (Invitrogen). RNA integrity was assessed by agarose gel
739  electrophoresis, and concentration and purity were evaluated using a Nanodrop
740  spectrophotometer (Thermo Fisher Scientific), accepting samples with A260/A280 and
741 A260/A230 ratios above 1.80.

742 One microgram of total RNA was reverse-transcribed using M-MLV reverse
743  transcriptase (Invitrogen) and oligo(dT) primers. Quantitative PCR was performed using
744  a 1:5 dilution of the cDNA as template and the Fast Universal SYBR Green Master Mix
745  (Roche, Mannheim, Germany), on a Step One Plus Real-Time PCR System (Applied
746  Biosystems). Primer sequences for SIPLC1-6, SIPR1a, SIPI-Il, SIACTIN, and PiEF1-a
747  were previously reported (Gonorazky et al., 2016) and PIiEF1-a, listed in Table S1.
748  Relative transcript levels were calculated using LinRegPCR software (Ramakers et al.,

749  2003), which estimates individual amplification efficiencies. Expression values were
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750 normalized against the SIACTIN reference gene. Each sample was analyzed in two
751  technical replicates, and biological replicates ranged from 4 to 12, as specified in the
752  corresponding figure legends.

753  Sporulation Assay in Tomato Leaf Discs

754  Tomato wild-type (WT) plants and SIPLC2 knockout lines KO-6 and KO-17 were grown
755 as described above. Leaf discs (10 mm in diameter) were excised from the third and
756  fourth fully expanded leaves and placed individually in 24-well plates containing 1 mL of
757  water agar (0.8%). Each disc was inoculated with a 10 uL droplet of a P. infestans 2 x
758  10* zoospore/mL suspension (strain PinSL-19). Plates were incubated in a growth
759  chamber at 20°C with a 16 h light / 8 h dark photoperiod. At 2,3,4,5 and 6 dpi, leaf discs
760 were transferred to 1.5 mL microcentrifuge tubes containing 0.5 mL of phosphate-
761  buffered saline (PBS) supplemented with 1% formaldehyde. Tubes were vortexed
762  thoroughly, and sporangia concentration was quantified using a Neubauer counting
763  chamber. Data were expressed as the number of sporangia per milliliter.

764  Phytohormone quantification

765  The levels of salicylic acid (SA), jasmonic acid (JA), and methyl jasmonate (MeJA) were
766  quantified in tomato leaves at 6 days post-inoculation (dpi) with P. infestans. For each
767  sample, the four lateral leaflets from a single infected leaf were pooled, flash-frozen in
768 liquid nitrogen, and ground to a fine powder. Five biological replicates were processed
769  per treatment.

770 Hormone extraction was performed following Otaiza-Gonzalez et al. (2022), with
771 modifications. Approximately 50-100 mg of powdered tissue were homogenized in 500
772 uLofa2:1:0.002 (v/v/v) solution of 1-propanol:water:concentrated HCI, shaken for 30 min
773 at 4 °C, and mixed with 1 mL of dichloromethane (CH,Cl,). Samples were vortexed,
774  incubated for another 30 min at 4 °C, and centrifuged at 13,000 x g for 5 min. The lower
775 organic phase (~1 mL) was transferred to a new vial and evaporated under a nitrogen
776 stream. Dried residues were resuspended in 250 yL of 1:1 (v/v) methanol:water (both
777  HPLC grade) containing 0.1% formic acid.

778 Phytohormones were analyzed by LC-MS/MS using a Waters Xevo TQ-S micro
779  mass spectrometer equipped with an Acquity UPLC H-Class system, autosampler, and

780 BEH C18 column (1.7 um, 2.1 x 50 mm, Waters). The mobile phase consisted of solvent
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781 A (water + 0.1% formic acid) and solvent B (methanol + 0.1% formic acid), with a flow
782  rate of 0.25 mL/min. The gradient started at 40% B, increased linearly to 100% over 3
783 min, and was maintained for 0.5 min. Mass detection was performed in positive
784  electrospray ionization (ESI+) mode using MassLynx software.

785 Quantification was carried out by external calibration with commercial standards
786  (Sigma-Aldrich) for SA, JA, and MeJA. Results were expressed as nanograms of
787  phytohormone per milligram of fresh weight.

788  Detection of H,O, in P. infestans-infected leaves

789  Hydrogen peroxide (H,O,) accumulation in response to P. infestans was detected using
790  3,3-diaminobenzidine (DAB) staining as described by Thordal-Christensen et al. (1997),
791  with minor modifications. Inoculated tomato leaflets were harvested at 1-day post-
792  inoculation (dpi), cleared in 96% ethanol until tissue was translucent, and then incubated
793  in a solution of 15 mg L™ DAB dissolved in 0.5 M sodium acetate buffer (pH 5.5) for 1 to
794 5 hours at room temperature. DAB reacts with H,O, in the presence of endogenous
795 peroxidases to form a brown precipitate. After staining, leaflets were rinsed in water and
796  mounted for analysis. Stained areas were imaged and quantified point-by-point using
797 Imaged software, and signal intensity was expressed as mean gray value per mm?2. Each
798 treatment included ten leaflets from five plants (as in the infection assay), with three
799 independent biological replicates.

800 Callose deposition

801 Callose accumulation was assessed at 2 dpi in P. infestans-inoculated tomato leaflets.
802 From each leaflet, eight 5-mm discs were collected, each corresponding to an individual
803 inoculation site. Samples were cleared in 96% ethanol until completely transparent, then
804 washed in 0.07 M phosphate buffer (pH 9.0) and incubated for 2 h in the same buffer
805 containing 0.01% (w/v) Aniline Blue. Stained discs were mounted in glycerol and
806 observed under a Nikon C1siR confocal laser scanning microscope equipped with a UV
807 filter (excitation 365/10 nm; emission 460/50 nm), using a 10x objective. Callose deposits
808 were visualized as fluorescent spots, and their number was quantified using ImageJ
809 software (Schneider et al.,, 2012). For each biological replicate (n = 3), twenty
810 measurements were taken per sample, averaging callose dot counts per field from one

811 representative disc per leaflet.
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812  Quantification of infection vesicles

813  To quantify infection vesicles, tomato leaf was drop-inoculated on the abaxial surface with
814 a zoospore suspension of Td 88069 (2 x 10° zoospores/mL) as for PinSL-19 infection
815 assay. At 1 day post-inoculation (dpi), 1 cm diameter disks were excised using a sterile
816 cork borer. A total of 24 disks per biological replicate were collected and immediately
817 mounted in water on glass slides. Vesicles were visualized in epidermal cells using an
818 epifluorescence microscope (Zeizz axio imager.A2) Camera (AxioCam HRc). At least
819 three fields per disk were imaged to quantify the number of vesicle-containing cells. Three
820 biological replicates were analyzed.

821  Gene expression analysis of PiAvrblb2 and PiEF1-a

822  For expression analyses, tomato leaflets were infected with P. infestans and sampled at
823 the indicated time points. From each leaflet, a 1 cm diameter disk was excised using a
824  cork borer and immediately frozen in liquid nitrogen. For each biological replicate (n = 4),
825 total RNA was extracted from a pool of 8 disks using the same extraction protocol.
826  Transcript levels of the biotrophic effector gene PiAvrblb2 and the constitutive P. infestans
827 gene PIEF1-a were measured by RT-qPCR using gene-specific primers (Supplemental
828 Table S1). Relative expression of PiAvrblb2 was calculated by first normalizing to the P.
829 infestans gene PIiEF1-a and then relativizing to the expression levels detected in plate-
830 grown P. infestans. PiIEF1-a 1expression was normalized to plant constitutive gene
831  SIACTIN.

832  Transient expression in Nicotiana benthamiana

833 Transient expression assays were performed in 4-week-old N. benthamiana plants by
834  Agrobacterium tumefaciens-mediated infiltration using the GV3101 strain carrying the
835 binary vector pEAQ (Lomonossoff et al., 2009) with SIPLC2-GFP or GFP alone as a
836 control. Additionally, fluorescently tagged lipid sensors specific for PI4P (mCitrine-
837 2xPHrapp) and PI4P, (MmCitrine-2XPHpLc were used for colocalization experiments
838 (Simon et al 2014). A. tumefaciens cultures were grown overnight at 28 °C with shaking
839 (200 rpm) in LB medium with appropriate antibiotics. The cultures were centrifuged at
840 4000 rpm for 8 minutes and resuspended in freshly prepared MMA infiltration buffer (50
841 mL: 1 g sucrose [58.4 mM], 0.25 g Murashige and Skoog salts [~4.3 mM], 0.1 g MES [4.9
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842 mM], and 200 uM acetosyringone) to a final ODg,, of 0.2-0.3. Bacterial suspensions were
843  incubated for 1-6 h at room temperature to induce virulence genes.

844 Approximately 2-3 leaves from two individual plants were infiltrated per construct,
845 and five independent biological replicates were performed. In some assays, transient
846  expression was followed by infection of detached leaves with Td88069 under dark
847  conditions (18 °C, 60% relative humidity), as described by Bozkurt et al. (2014).
848  Fluorescence was visualized 48 hours post-infiltration using a Nikon C1siR confocal laser
849  scanning microscope.

850  Statistical analysis

851  Statistical analyses were performed using generalized linear mixed models (GLMMs),
852 implemented with the Ime (from the nime package) or glmer (from the Ime4 package)
853  functions in R (version 3.1; R Foundation for Statistical Computing). Genotype (WT or KO
854 lines) was included as a fixed effect in all models, while biological replicate and, when
855 applicable, humidity chamber was treated as random effects.

856 For time-course experiments (e.g., gene expression and hormone quantification),
857 both genotype and time point were modeled as fixed effects, and their interaction was
858 tested. In these cases, post hoc comparisons were used to identify significant differences
859 across all genotype x time combinations, and results are shown using letters to indicate
860  statistically distinct groups.

861 In other experiments where only genotype was considered as a fixed effect (e.qg.,
862 ROS production, callose deposition, infection vesicle quantification), statistically
863  significant differences relative to the WT control are indicated with asterisks, based on
864  Dunnett’s post hoc tests.

865 For the sporulation assay, statistical comparisons were restricted to within each
866  time point, since a time-dependent increase in spore number is biologically expected and
867 not informative for genotype effects. Data did not meet the assumptions of normality and
868 homoscedasticity, so a Kruskal-Wallis test was used followed by pairwise Wilcoxon tests.

869  Statistically significant differences relative to WT are indicated with asterisks (* = p < 0.05;

870 **=p<0.01; ** =p<0.001) based on the Wilcoxon test.
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871 Model assumptions for GLMMs were assessed by visual inspection of residuals
872 (Q-Q plots and residual vs. fitted plots). Depending on the residual distribution and
873  dispersion, either Gaussian or Gamma error distributions were applied.

874  Confocal microscopy

875 All confocal images were acquired using a Nikon C1siR laser scanning confocal
876  microscope equipped with a UV excitation filter (Ex 365/10 nm, Em 460/50 nm) and Plan
877  Fluor objectives (40x%). Imaging was performed using Nikon EZ-C1 software. Laser
878 intensity, detector gain, and offset were kept constant across all samples within each
879  experiment. For Aniline Blue staining, excitation was performed with a 405 nm laser line,
880 and emission was collected between 450-480 nm. For GFP-based constructs, excitation
881 was setat488 nm and emission collected between 500-530 nm. All images were acquired
882  under identical acquisition settings per experiment.

883  Western blot analysis

884  Proteins were extracted by homogenizing 4-5-week-old leaf tissue in protein extraction
885  buffer [100 mM NaPi pH 7.5, 150 mM NaCl, 1 mM EDTA, and protease inhibitor cocktail
886 (SIGMA)] at a 1:1 volume ratio. Samples were centrifuged for 10 min at 10,000 g, and
887  total protein concentration was determined in the supernatant. Proteins were purified via
888  affinity chromatography using a His-tag purification column or directly prepared by mixing
889 leaf powder with SDS-PAGE sample buffer without prior extraction. Protein samples were
890 separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose
891 membranes. Membranes were stained with Ponceau S to verify equal loading and
892  subsequently incubated overnight in PBS-T containing anti-GFP polyclonal antibody
893  (1:2000). After three washes with PBS-T, membranes were incubated with alkaline
894 phosphatase-conjugated anti-rabbit IgG secondary antibody and developed following the
895  manufacturer's instructions (SIGMA).

896 Agarose gel electrophoresis of PCR products

897 PCR products were obtained using gene-specific primers and cDNA synthesized from
898 total RNA extracted from infected leaf tissue. Amplification reactions were loaded onto
899 1.5% agarose gels DNA bands were visualized under UV illumination and imaged using

900 a gel documentation system. A 100 bp DNA ladder was used as a size marker.
901
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1136

1137  Supplementary Figure S1. Expression of SIPLC gene family members during P.
1138  infestans infection. Time-course RT-qPCR analysis of SIPLC1-6 transcript levels in tomato leaflets
1139 inoculated with P. infestans (10 pl droplet of a 2x10° zoospore per mL). Samples were collected at 6 days
1140  post-inoculation (dpi) or from non-infected controls. Transcript levels were normalized to SIACTIN and
1141 expressed relative to non-infected samples. Data represent mean + SE of four biological replicates (mock)
1142 and eight (infected). Asterisks indicate statistically significant differences compared to mock (Dunnett’s test,
1143 P <0.05).
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1144

1145  Supplementary Figure S2. Salicylic acid and Jasmonic acid pathway marker
1146  expression during P. infestans infection. (A) Time-course RT-gPCR analysis of SIPR7a
1147  transcript levels in wild-type (WT) tomato plants at 2, 4, and 6 dpi. (B) (A) Time-course expression of SIPI-
1148 II'in WT plants at 2, 4, and 6 dpi, measured by RT-qPCR. Transcript levels were normalized to SIACTIN.
1149 Data represent mean + SE of 4-12 biological replicates per time point.
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1150
1151  Supplementary Figure S3. ABA and IAA remain unchanged in SIPLC2 knockout

1152 lines during Phytophthora infestans infection. WT and SIPLC2 knockout tomato lines (KO-6
1153 and KO-17) were inoculated with P. infestans zoospores by applying two 10 pL droplets of a 2 x 10°
1154  zoospores/mL suspension on either side of the central vein of each leaflet. (A-B) Quantification of
1155  endogenous hormone levels by LC-MS/MS in aerial tissues at 6 dpi in infected or non-infected plants.
1156 Hormone concentrations were expressed as nanograms per milligram of fresh weight. (A) Abscisic acid
1157 (ABA), (B) Indole-3-acetic acid (IAA). Data represent the mean + SE of biological replicates (n = 5). No
1158  statistically significant differences were detected between genotypes under either condition (Dunnett’s test,
1159 P >0.05).
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1161
1162  Supplementary Figure S4. Basal levels of SA, JA, and MeJA are not altered in

1163  SIPLC2 knockout lines under non-infected conditions. Detached leaflets from WT and
1164  SIPLC2 knockout tomato lines (KO-6 and KO-17) were processed immediately after excision, without any
1165  pathogen inoculation. (A-C) Quantification of endogenous hormone levels by LC-MS/MS in aerial tissues.
1166 Hormone concentrations were expressed as nanograms per milligram of fresh weight. (A) Salicylic acid
1167  (SA), (B) Jasmonic acid (JA), (C) Methyl jasmonate (MeJA). Data represent the mean + SE of biological
1168 replicates (n = 5). No statistically significant differences were observed between genotypes (Dunnett’s test,
1169 P >0.05).
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1172  Supplementary Figure S5. Quantification of Phytophthora infestans biomass in
1173  tomato leaflets over time. Relative expression levels of the P. infestans elongation factor gene
1174 (PiEF1-a) were measured by RT-gPCR at 1, 2, 3, and 4 dpi in WT and KO tomato lines. Data were
1175 normalized to SIACTIN and expressed in arbitrary units. Box plots show median, interquartile range, and
1176  outliers (n = 4). Asterisks indicate statistically significant differences compared to WT at each time point
1177 (ANOVA followed by Tukey’s post-hoc test, P < 0.05).
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1180  Supplementary Figure S6. Localization and validation of SIPLC2-GFP expression
1181 in Nicotiana benthamiana, and distribution of lipid biosensors under basal

1182 conditions. All experiments were conducted under non-infected (basal) conditions. (A) Confocal
1183  microscopy images showing subcellular localization of SIPLC2-GFP in epidermal cells. SIPLC2-GFP
1184  localizes predominantly to the plasma membrane. In contrast, free GFP displays diffuse cytosolic and
1185 nuclear localization. PM: plasma membrane; n: nucleus; cyt. s.: cytosolic strands; cyt: cytosol. Scale bar =
1186 30 pum. (B) RT-PCR detection of the SIPLC2-GFP fusion transcript at 2 days post-infiltration confirms
1187  transcriptional expression. (C) Western blot analysis using anti-GFP antibody confirms protein-level
1188  expression of SIPLC2-GFP. Proteins were extracted from 4-5-week-old leaf tissue, separated on 10% SDS-
1189 PAGE, and transferred to nitrocellulose membranes. Ponceau S staining was used to verify equal loading.
1190 Membranes were incubated with alkaline phosphatase-conjugated anti-rabbit IgG secondary antibody. The
1191  positions of molecular weight markers (kDa) are indicated on the left. T: Total , P: Purified with His-tag
1192 column, D: Direct. (D) Confocal microscopy images showing the localization of PI4P and PI(4,5)P,
1193 biosensors in N. benthamiana epidermal cells. The PI4P biosensor (mCitrine-2xPH(FAPP 1)) exhibits strong
1194 plasma membrane localization, while the PI(4,5)P, biosensor (mCitrine-2xPH(PLC)) displays both plasma
1195 membrane and cytosolic distribution. Images were acquired at 2 days post-infiltration. Scale bar = 20 um.
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1198 Supplementary Figure S7. Subcellular localization of SIPLC2-GFP, free GFP, and

1199 phosphoinositide biosensors during Phytophthora infestans infection. Confocal
1200 microscopy images of Nicotiana benthamiana epidermal cells at 2 days post-infiltration and 1-day post-
1201 inoculation with P. infestans. Leaf sectors were co-infiltrated with Agrobacterium tumefaciens carrying the
1202 indicated constructs and later inoculated with P. infestans zoospore suspension (2 x 10° zoospores/mL; 10
1203 WL per site). Whole-cell projections are shown to highlight subcellular distribution and vesicular localization.
1204  (A) SIPLC2-GFP: Plasma membrane signal with additional accumulation in infection-associated vesicular
1205 structures. (B) Free GFP: Diffuse cytosolic and nuclear signal, no specific enrichment in vesicles. (C) Pl14P
1206  biosensor (mCitrine-2xPH(FAPP1)): Localizes to the plasma membrane and shows focal accumulations at
1207 infection sites. (D) PI(4,5)P, biosensor (mCitrine-2xPH(PLC)): Displays plasma membrane and cytosolic
1208 localization, with enriched labeling at the membranes surrounding infection vesicles. Scale bar = 20 uym.
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