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SUMMARY

Plants possess cell-surface recognition receptors that detect molecular patterns from
microbial invaders and initiate an immune response. Understanding the conservation of
pattern-triggered immunity within different plant organs and across speciesis crucial to

its sustainable and effective use in plant disease management but is currently unclear.

We examined the activation and immune response patterns of three pattern recognition
receptors (PRRs: SFLS2, SFLS3, and SCORE) in different devel opmental regions of
roots and in leaves of multiple accessions of domesticated and wild tomato (Solanum
lycopersicumand S. pimpinellifolium) using biochemical and genetic assays.

Roots from different tomato accessions differed in the amplitude and dynamics of their
immune response, but all exhibited developmental-specific PTI responses in which the
root early differentiation zone was the most sensitive to molecular patterns. PRR
signaling pathways also showed distinct but occasionally overlapping responses
downstream of each immune receptor in tomato roots.

These results reveal that each PRR initiates a unique PTI pathway and suggest that the
specificity and complexity of tomato root immunity aretightly linked to the
developmental stage, emphasi zing the importance of spatial and temporal regulation in
PTI.

Keywords: Flagellin; pattern-triggered immunity (PTI); plant immunity; Solanum lycopersicum
(tomato); FLAGELLING-SENSING 2 (SFLS2); FLAGELLIN-SENSING 3 (SFLS3); SCORE
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INTRODUCTION
Plants exhibit a multi-layered defense system, comprised of pre-formed barriers and induced

defense responses. Constitutive defenses of the plant often include physical barriers such as cell
walls, waxy epidermal cuticles, or targeted lignin deposition aimed to restrict pathogen
movement (Malinovsky et al., 2014; Serrano et al., 2014; Kashyap et al, 2022). Defense
responses can be induced by pathogen recognition, either through pattern-triggered immunity
(PT1) or effector-triggered immunity (ETI) (Yuan et al., 2021; Yu et al., 2024). In PTI, cell
surface-localized receptor proteins known as pattern-recognition receptors (PRRS) identify
foreign signatures from a pathogen in the initial stages of invasion. These signatures, also called
pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular patterns
(MAMPs), are found throughout a range of microbes, from soil-borne bacteriato foliar fungi
(Miyaet al., 2007; Wel et al., 2018; Luo et al., 2023). Upon recognition of a PAMP/MAMP, the
host initiates defense responses including the short-term formation of reactive oxygen species,
increased calcium signaling, activation of mitogen-activated protein kinase cascades, halted
growth, and transcriptional reprogramming — altogether known as PTI (Shu et al., 2023).
MAMPs are well-conserved across microbial species, and many PRRS recognize more than one
pathogen (Cheng et al., 2021; Colaianni et al., 2021; Ngou et a., 2022). Known MAMPs are
highly conserved across pathogens, making it less likely for them to develop mutations that
evade PRR recognition (Zhao et al., 2022). Interspecies transfer of PRRs can expand crop
resistance (Frailie et al., 2021), and PRR-based crop engineering has the potential to provide
broad-spectrum and durable resistance (Lacombe et al., 2010, Li et al. 2024). However, for this
to be a sustainable strategy, detailed knowledge of PTI in cropsis needed.

Key knowledge of PTI originates from work in Arabidopsis thaliana (Arabidopsis) and the well-
characterized leucine-rich repeat receptor-like kinase (LRR-RLK) PRRs FLAGELLIN
SENSING2 (FLS?) (Gomez-Gomez, 1999/2000; Chinchilla et al., 2006), and EF-Tu
RECEPTOR (EFR) (Zipfel et a., 2006; Ngou et al., 2022). Recognition of flg22 by FLS2 or
elf18 by EF-Tu activates a suite of downstream responses that includes a complex network of co-
receptors, receptor-like cytoplasmic kinases (RLCKSs), calcium-dependent protein kinases
(CDPKs) and mitogen-activated protein kinases (MAPKS) (Asai et al., 2002; Boudsocq et al.,
2010; Li et a., 2014; Leeet al. 2021). Both AtFLS2 and AtEFR-driven responses require the co-
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81  receptor AtBAK1 (brassinosteroid insensitive 1-associated receptor kinase 1) and RLCK AtBIK1
82  (Botrytis-induced kinase 1) for the initiation of ROS burst by AARBOHD and activation of the
83 AtMAPK signaling pathway.
84
85 Intomato (S lycopersicum) three PRRs have been identified in bacterial-plant interactions:
86  SFLS2, thereceptor for flg22; FLAGELLIN SENSING3 (SFLS3), the receptor for flgll-28; and
87 S CORE, the receptor for cgp22 (Robatzek et al., 2007; Hind et al., 2016; Wang et a., 2016); a
88 tomato EFR homolog is not found in the genome. While FLS2 is present in most plant genomes,
89  both FLS3 and CORE are found in the Solanaceae family (Felix and Boller, 2003; Clarke et al.,
90 2013; Wang et al., 2016). SFLS2 signaling in tomato has both some similarities and differences
91 compared to Arabidopsis (Nguyen et al., 2010; Roberts et al., 2020). The tomato orthologs of
92  AtBAK1, SSERK3A/3B (somatic embryogenesis receptor kinase 3A/ 3B), interact with SFLS2
93  andtrigger downstream ROS response and root growth inhibition (RGI) (Peng & Kaloshian,
94  2014). Interspecies transfer of AtEFR to tomato resulted in resistance to the soil-borne bacterial
95  pathogen Ralstonia solanacearum (Lacombe et al., 2010, Kunwar et al. 2018), suggesting that
96  molecular components downstream of AtEFR are conserved in tomato. However, it is unclear
97  exactly which elements and molecular mechanisms of PTI are conserved.
98
99 A previous screen of heirloom tomatoes revealed natural variation in ROS response to all three
100 MAMPs (flg22, flgll-28, and csp22), both between type of MAMP and within cultivars
101  (Veluchamy et al, 2014; Roberts et a., 2020). This, along with variationsin temporal dynamics
102  of MAPK responses flg22 or csp22 perception in N. benthamiana transient assays (Wel et a.,
103  2018), led usto hypothesize that although the basic tenets of PTI are conserved between FLS2,
104 FLS3 and CORE, the details of the downstream molecular signaling vary among receptors.
105
106  Immune signaling pathways and their associated proteins have focused on foliar tissues, but
107  plant roots can differ in their immune responses compared to above-ground counterparts and
108  show targeted expression of PRRs within different tissue types (Beck et a., 2014; Chuberre et
109 al., 2018). For example, AtEFR is primarily found in aboveground, reproductive tissues and does
110  not activate a ROS response upon recognition of elf18 in Arabidopsis roots (Wyrsch et al., 2015).

111  Understanding how root tissues differ in their PTI response is imperative for implementation of
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112  PRRtransfer for broad-spectrum resistance, as soil borne pathogens such as Ralstonia

113  solanacearum enter through wounds or natural openings in the root tissues.

114

115 Hereweinvestigate PTI signaling and responses in tomato roots, tracing the pathway from cell
116  surface recognition to downstream phenotypic outcomes. Through characterization of PTI

117  responsein S lycopersicum and Solanum pimpinellifolium roots to PAMPs flg22™, flgl1-28™,
118 and csp22”* | we reveal that ROS species formation, root growth inhibition, and intermediate
119  signaling components vary both between PAMP treatment type and across various cultivars. We
120  show that PTI responseis primarily found in early differentiation regions of roots, including
121  ROS burst and MAPK activation, underscoring the importance of these areas in early defense
122  signaling.

123

124  Finally, we show that tomato root PTI responses vary from those in Arabidopsis, including alack
125  of seedling growth inhibition for flgl1-28™ and csp22™ treatments and differential regulation of
126  ROS burst by SSERK3A/3B. Our results show that the molecular details of the signaling

127  downstream of SFLS2, SFLS3, and SCORE differ, and highlight the need for further

128  characterization of root PTI pathways.

129

130 MATERIALSAND METHODS

131 Plant Material and Plate Growth Conditions

132  Tomato accessionslisted in Table 1 were sterilized for 10 minutes in 50% bleach, then washed
133  threetimes with water. Seeds were plated on 1% agar plates at 4° C overnight before placing at
134  room temperature (22° C) at a 16:8 h day/night cycle.

135

136  Arabidopsisthaliana seeds (Col-0, AtrbohD, AtrbohF, AtrbohD/AtrbohF) were sterilized for 5
137  minutesin 50% bleach and 0.001% Tween, then washed three times with water. Seeds were

138  stratified in ddH20, then covered for 48 hours at 4° C before plating on 0.5X Murashige and
139  Skoog (MS) medium, 1% sucrose. Seeds were grown in acontrolled chamber at 22° C at a16:8
140 hday/night cycle. Mutant seeds were obtained from the lab of Chris Staiger, Purdue University
141  Department of Botany and Plant Pathology.

142  Generation of rbohb Mutant in Tomato
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143  Mutant seeds (Rio Grande PtoR — SrbohB) were generated using genome editing approaches as
144  previously described in Zhang et al. (2020). To generate the rbohb mutant in the tomato

145  (Solanum lycopersicum) cultivar Rio Grande (RG)- PtoR, one guide RNA (gRNA: 5'-

146 GGACCGCTGAACAAACGAGG-3') was designed to target the first exon of RbohB

147  (Solyc03g117980). The gRNA cassette was cloned into the p201N:Cas9 binary vector and

148  tomato transformation was performed at the Biotechnology Center at the Boyce Thompson

149  Institute as described previously (Jacobs et al., 2015; Jacobs et al., 2017). The rbohb mutant line
150 usedinthisstudy carriesal bp insertion in the first exon of the SRbohB gene, resulting in a
151  loss-of-function mutation in SRbohB in the plants. M utations were confirmed by PCR

152  amplification using primers found in Supplemental Table 1 and Sanger sequencing. Lines were
153  verified to be homozygous, biallelic mutants and CasO was segregated out.

154

155 Peptides

156  f1g22™ and csp22 peptides were purchased from EZBiolabs, using the following amino acid
157  sequences: flg22™ QRLSTGSRINSAKDDAAGLQIA; csp22R=:

158 ATGTVKWFNETKGFGFITPDGG.

159

160  Theflgll-28™ and flg22™ peptide was purchased from GenScript, with the following amino
161  acid sequence: flgll-28™: ESTNILQRMRELAVQSRNDSNSATDREA, flg22™

162 QRLSTGLRVNSAQDDSAAYAAS.

163

164  Temporary Root Growth Inhibition (RGI) Assay

165 Tomato seedlings were grown on 1% water agar plates in the conditions as described above.

166  Four-day old seedlings were scanned and treated with 300 L of dicitor treatment (1 uM

167  fIg22™, 100 nM flgl1-28™, 1 uM csp22™, or water), making sure to only submerge the root
168  organ. Tomato seedlings were then scanned again at 24- and 48-hours post inoculation and

169  measured using Imagel for subsequent analysis.

170

171  Arabidopsis seedlings were grown on 0.5X M S, 1% sucrose in the conditions as described

172  above. Five-day old seedlings were scanned and treated with 200 pL of eicitor treatment (1 pM

173 flg22™ or water), making sure to only submerge the root organ. Arabidopsis seedlings were then
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174  scanned again at 24- and 48-hours post inoculation and measured using ImageJ for subsequent
175 analysis.

176

177  Oxidative Burst L uminescence Assay

178 The ROS assay was performed on tomato roots as described previously with a number of

179  modifications (Wei et al., 2018). For whole-root assays, tomato seedlings were grown on 1%
180  agar in the conditions described above. Five-day old tomato roots were placed under microscope
181  and cut at the root-shoot junction. For developmental zone assays, the five-day old tomato roots
182  were placed under a microscope and cut at the point of first visual root hair, the point at which
183  root hairs were fully emerged, and at the root-shoot junction. The early differentiation zone (ED)
184  was defined as the root section exhibiting emerging root hairs, while the late differentiation zone
185 (LD) exhibited fully emerged root hairs. All root segments were then weighed with a precision
186  balance before being placed in awhite 96-well plate (Perkin Elmer, OptiPlate-96) with 200 pL of
187  fresh water to recover. Segments were washed with water and kept in the dark for one hour, after
188  which the water was removed, and fresh water was placed in each well and sat overnight in

189 darkness. After overnight recovery, the water was removed and replaced with 200 pL of the

190 corresponding master mix for each peptide dicitor. Master mix was made from 500X L-012

191  stock solution (LSS) and 500X horseradish peroxidase stock solution (HPSS) and the

192  corresponding peptide for afinal concentration of 1.5X L-012 (Wako Chemicals USA) and 1.5X
193  HPSS (Thermo Fisher Scientific). Master mixes used had a final peptide concentration of 1 uM
194  fIg22™, 100 nM flgl1-28™, or 1 uM csp22". Relative light units (RLUs) were detected using
195 an Infinite 200 Pro Luminescent Microplate Reader (Tecan Life Sciences, Switzerland) and

196  exported to an excel spreadsheet for further analysis. Three technical replicates were used for
197 each analysis, with six roots per treatment. Data were normalized and expressed as RLU per

198  milligram of fresh weight.

199

200 For tomato leaves, ROS assays were performed as previously described in (Hind et al., 2016)
201 using 100 nM of DC3000 flg22 or flgll-28 peptides. The average ROS response for each plant is
202  the mean of threereplicate leaf discs from four plants. The assay was performed on ten

203  independent VIGS biological replicates with similar results, and one representative experiment is
204  shown in Figure 3.
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205

206  Cloning

207  Constructs used in thein vitro kinase assays were amplified via PCR using the primers found in
208  Supplemental Table 1. Total RNA was extracted from tomato (Rio Grande) using the Qiagen
209 RNeasy Plant Mini Kit (Cat. 74904) and used to generate cDNA (Invitrogen SuperScript 111,
210  12574018). The cytoplasmic domains of the SERKs (SERK3A-CD and SERK3B-CD) were
211  PCR-amplified from cDNA and inserted into the Gateway vector pPDONR/Zeo (Invitrogen,

212  12535035) following the manufacturer’s instructions. Sequences were confirmed via Sanger
213  seguencing, and then the construct ORFs were cloned into Gateway vector pDEST-HisMBP
214  (Nallamsetty et al., 2005) using the LR Clonase Il enzyme following the manufacturer’s

215 ingructions. Mutagenesis of the SERK3A-CD and SERK3B-CD clones was performed in the
216  entry vectors using a Q5 Site-Directed Mutagenesis kit following the manufacturer's ingtructions
217  (New England Biolabs; lwww.neb.com).

218

219  Virusinduced geneslencing (VIGS)

220 ThepTRV vector derivatives (pTRV2-EC1, pTRV2-SISERK3A, pTRV2-SISERK3B, and

221 pTRV2-SISERK3A/3B) were transformed into Agrobacterium tumefaciens strain GV 3101and
222  prepared for infection (final OD=0.5) in tomato seedlings as previously described (del Pozo et
223  a., 2004). Knockdown of gene expression was confirmed in gPCR using the primersin

224  Supplementary Table 1 as described previously (Mantelin et al., 2011). VIGS experiments
225 wererepeated atotal of ten times using four plants per replicate (n=40 for each VIGS construct)
226 with similar results.

227

228 InvitroKinase Assays

229  HisMBP-tagged proteins were expressed and induced in BL21 (DE3) pLys Rosetta cells as

230  described previously (Roberts et al., 2020). In vitro kinase assays were performed for 30

231  minutes at room temperature in 20pL of reaction buffer (50mM HEPES, pH 7.5, 10mM

232 MgCl,,10mM MnCl,, and 2 pCi [y-*P]) using 5 g of each of the various kinase proteins and/or
233 3 g of myelin basic proteins, as previously described (Roberts et al., 2019).[7 The assay was
234  repeated atotal of six timeswith similar results.

235
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236  Treatments of Diphenyleneiodonium Chloride (DPI)

237  To determine the concentration of diphenyleneiodonium chloride (SigmaAldrich, CAS: 4673-
238  26-1) required to inhibit ROS burst caused by flg22™, the oxidative burst luminescence assay
239  above was repeated with mock, 1 uM fIg22™, and 1uM fIg22™ solutions containing afinal

240  concentration of DPI between 0-1 uM.

241

242  Root growth assays including DPI were treated one hour before inoculation with 1 uM DPI as
243  determined by the oxidative burst luminescence assay referenced above. The roots were then

244 treated at 0 hpi with an dlicitor solution of mock, 1 uM flg22™, or 1 uM flg22™ and1 uM DPI.
245

246  Plant Growth of Tomato Accessonsin Soil

247  H7996 (S lycopersicum) was sterilized using the above method. Seeds were stratified in water
248  and left at 4 C overnight before planting. Plants were grown in conditions as described in Meline
249 et a. (2022) with slight modifications. Seeds were grown in BM3in 3.8cmx 8.6 cmx 5.8 cm (L
250 xW x D) at 28°C and 16/8 h day/night. Twelve days after germination, plants were treated with
251 28 mL of Peter’s Excel Fertilizer (86.4g/L).

252

253  Determination of MAPK Phosphorylation

254  Tomato (H7996) 5-day old seedlings were cut from the above-ground tissues at the root-shoot
255  junction and further separated into whole root samples, late differentiation zone samples, or early
256  differentiation zone samples. The root segments were allowed to sit for six hours in ddH20 before
257  being placed into a solution of 1 pM fIg22™, 100 nM flgl1-28™, or 1 uM csp22™. The tissue
258  was harvested at 0- or 10-minutes post treatment and flash frozen in liquid nitrogen. For tomato
259 leaves, leaf discswere collected from eight-week-old tomato leaves (H7996) and allowed to sit
260  for six hours before being placed into a solution of 1 pM flg22™, 100 nM flgl1-28™, or 1 uM
261  csp22"™ and flash frozen in liquid nitrogen after 10 minutes.

262

263  Total proteins were extracted using a protein extraction buffer (50 mM Tris-HCI [pH 7.5], 150
264 mM NaCl, 0.1% Triton X-100) containing 1% protease inhibitor cocktail (here) and 1%

265  Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, P5726). After extraction, total protein was
266  incubated with 4X Laemmli SDS Buffer (Fisher Scientific) and heated for 10 minutes at 95° C.
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267  Proteins were separated by SDS-PAGE (10% acrylamide) and were transferred to a

268  nitrocellulose membrane. After blocking with 1% BSA in TBS-Tween (0.01%) buffer for 1 hour
269  at room temperature. Phosphorylation of MAP Kinases were detected by an antiphospho-p44/42
270 MAPK (Erk1/2) (Thr202/Tyr204) HRP-conjugated antibody (Cell Signaling Technology) and
271  actin was detected by HRP conjugated Anti-Plant Actin Mouse Monoclona Antiboty (3T3)

272 (Abbkine, ABL1055). Signals were detected using SuperSignal West Pico Plus

273  Chemiluminescent Substrate (Thermo Fisher). MAPK activation was quantified using an

274  established Imagel plugin (Ohgane & Yoshioka, 2019).

275

276  Total RNA extraction for RNA-seq of Tomato Roots

277  Five-day-old H7996 seedlings were cut into whole root, late differentiation, and early

278  differentiation zones using the same methods as the ROS and MPK assays. The root segments
279  wereleft in water overnight to recover and then treated with 1 uM flg22, 100 nM flglI-28, or
280  mock water. Six root samples from each segment type and treatment were pooled at 6 hpi, and
281  the samples were ground into a powder using a mortar and pestle under liquid nitrogen. Whole
282  root and LD samples (100 mg = 10) or ED samples (20 mg * 5) of root ground tissue from each
283  samplewas used for RNA extraction using Trizol (Invitrogen), following the manufacturer’s
284  ingructions. RNA purification was done with Qiagen RNeasy mini-Kit with DNase | treatment
285  in-column treatment.

286

287 RNA-seq

288  Threebiological replicates (each consisting of roots from three individual plants) per genotype
289  and treatment were subjected to Illumina RNA sequencing. Each sample averaged about 45.7
290 million (range from 27.1 to 66.6 million) high quality paired end reads. More than 94% of the
291  readswere mapped to the ITAG4.1 Solanum lycopersicum reference genome, using STAR

292  version 2.7.10.a. Gene expression was measured as the total reads for each sample that uniquely
293  mapped to the reference gene list with summarizeOverlaps (GenomicAlignmentsl.34.1 and

294  Rsamtools 2.14.0). Data was filtered for low counts such that at |east three of the 12 samples had
295  at least three counts per row. Differential gene expression analysis was performed with DESeg2
296 version 1.38.3. We used an FDR < 0.05 to determine differentially expressed genes. Gene

297  ontology (GO) and KEGG analysis were performed using ShinyGo 0.80 for categories that

10
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298  contained less than 500 terms in their corresponding category. Heatmaps were visualized with R
299  software version 3.4.0 package “ggplot2”.

300

301 Statistical Analyses

302 Statistical analyses were conducted in R version 3.4.0. Data distribution was assessed, and tests
303  appropriate to the distribution of the data were applied.

304

305 RESULTS

306 Wholetomato root ROSresponsesto PAMPs are species and cultivar-dependent and show
307 distinct patternsamong PAM Ps

308 Leavesof different tomato cultivars recognize and respond to PAM Ps with different amplitudes
309 and durations of ROS burst (Veluchamy et al., 2014; Roberts et al., 2019;). To test whether this
310 wastruein roots, we established a whole-root ROS assay with four tomato cultivars of interest
311 (Table1). Upon trestment with 1uM flg22™, 100 nM flglI-28™ or 1uM csp22R*, cultivar

312  H7996 and the S. pimpinellifolium accession LA2093 exhibited a detectable ROS burst within
313 thefirst 40 minutes of treatment (Fig. 1a,b, Fig. S1). Yellow Pear, which lacks SFLS3, and

314  Wv700 displayed a ROS burst to only flg22™ treatment and not flgl1-28™ or csp227*. None of
315 the cultivars responded to flg22R™
316  Moneymaker tomatoes (Fig. 1c) (Wei et al., 2018). S. pennellii accession LA0716, lacking a

317 functional SCORE (Wang et a., 2016), was also used as a control for our csp22~* peptide (Fig.
318 S2).

319

320 H7996 and LA2093 both exhibited three distinct amplitudes of ROS burst, with the highest being
321 flgll-28™ response, then flg22™, and lastly csp22™ (Fig. 1, Fig. S1). The ROS burst kinetics
322  aso differed, with peak signals for csp22™ and flg22™ at around 10 minutes post treatment and
323 flgll-28™ dicitation at 20 minutesin H7996. flg22-induced ROS burst attenuated to basal levels
324 by 40 minutes post treatment, while flgll-28 and csp22-induced ROS bursts were still elevated.

treatment, consistent with a previous report from

325 Thisdata suggests varying degrees of cellular response to the bacterial PAMPs, possibly from
326  expression levels of the respective PRR or distinct involvement of PRR-specific co-receptors and
327  signaling components.

328
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329 Root ROSresponseto PAMPsisprimarily located in the Early Differentiation Zone.

330 PRR expression ishighly correlated with areas of pathogen entry and colonization, including that
331 of the stomata, stele, and sites of lateral roots. In the root, soil-borne pathogens often enter

332  through wounded areas and natural openings. Pathogenic bacteria are shown to accumulate at the
333  Arabidopsis elongation zone, where endodermal barriers are not yet fully established (Li et al.,
334 2017; Tsa et al., 2023). This zone also exhibits heightened sengitivity to abiotic stresses

335 (Dinneny et al., 2008; lyer-Pascuzzi et al., 2011). To test whether areas of developing tissues
336  were more sensitive to PAMPs, tomato primary roots were cut into three sections: the

337 Meristematic Zone, the Early Differentiation (ED) Zone, and the Late Differentiation (LD) Zone.
338 TheED Zone was characterized by the presence of visible emerging root hairs, while the LD
339  Zone exemplified fully emerged root hairs on the primary root (Fig. 2a).

340

341  Wefirst characterized the induction of ROS Burst for both the ED and LD Zones. In H7996, the
342  ED zonewas the primary location of ROS burst in response to fIg22™ (Fig. 2). We then tested
343  other varieties and found asimilar burst in the other three genotypes (Fig. S3). Consistent with
344  our whole root samples, both Wv700 and Yellow Pear lacked a ROS response to flgl1-28™ (Fig.
345  S3b); however, both H7996 and LA2093 exhibited ROS burst in the ED zone to flgl1-28™ (Fig.
346  S3b). In contrast to the lack of ROS response to csp22™ in whole roots, both S. lycopersicum
347  varietiesH7996 and Yellow Pear showed a significant ROS Burst response in the ED zone

348 compared to mock (Fig. S3c). Three additional S. lycopersicum cultivars, Brandywine, Black
349  from Tula, and Ailsa Craig also showed significant ROS burst in the ED zone; Rutgers, however,
350 didnot (Table S1). Together, our data shows that the ED zone is the primary site for FLS2- and
351 FLS3-mediated ROS burst.

352

353 SERK3Aisprimarily responsblefor FL S3-mediated ROS bur st

354  Tofurther characterize potential differencesin the signaling pathway responsible for FL S2- and
355 FLS3-mediated ROS burst, we focused on understanding the involvement of AtBAK1 orthologs,
356 S SERK3aand SSERK3b. Tomatoes silenced for SSERK3a, S SERK 3D, or both show a severe
357 reduction in FLS2-mediated ROS production (Peng & Kaloshian, 2014). Therefore, we asked
358  whether SSERK3a and S SERK3b exhibited redundant functionsin FLS3-mediated ROS

359  response.
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360

361 Toinvestigate the roles of SERK3A and SERK3B in detecting flgll-28 and flg22, the expression
362 of tomato orthologs of SERK3A, SERK3B, and both SERK3A and SERK3B (SERK3A/SERK3B)
363  wasknocked down in S. lycopersicum using virus-induced gene silencing (Fig $4). Knockdown
364  inexpression was confirmed using qPCR and compared to the empty control (EC1) (Fig $4).
365 Consistent with the predicted function of SERK3A and SERK3B as the presumed orthologs of
366 ArabidopssBAK1 (AtBAKZ1), knocking down SERK3A, SERK3B, and SERK3A/SERK3B

367  reduced the flg22™ ROS burst compared to EC1 (Fig. 3a). However, while there was a reduced
368  flgll-28™ ROS burst for the SERK3A knockdown, the flgl1-28™ ROS burst in SERK3B showed
369 no difference compared to the empty control. As expected, the SERK3A/SERK3B double

370  knockdown also showed areduced ROS burst for figl1-28™, This suggests that SERK3A is
371 necessary and sufficient for immunity activation by FLS3, and the SERK 3B differentially

372  interactswith FLS2 vs FLS3 in tomato.

373

374 FLS2and FLS3interact differently with SERK3A and SERK 3B in vitro.

375 Itispossiblethat the differencesin ROS burst could be attributed to differencesin

376  phosphorylation of SERK3A and SERK3B by their PRR co-receptors FLS2 and FLS3. It was
377  previously reported that tomato FLS2 and FLS3 have stronger kinase activity than AtFLS2, with
378  FLS3 having stronger kinase activity compared to FLS2. Only FLS3 could transphosphorylate a
379 generic substrate, myelin basic protein (Roberts et al., 2020). These differences, along with the
380 VIGSROS burst data, suggest that FLS2 and FL S3 interact differently with the SERKSs.

381

382  Totest whether there are transphosphorylation differences between the PRRs and the SERK co-
383  receptors, we made recombinant proteinsin BL21 Escherichia coli that contained the

384  cytoplasmic domainsof FLS2 or FLS3, which are required for kinase activity (Roberts et al.,
385  2020), and the cytoplasmic domains of SERK3A and SERK3B, expressed in the pDEST-

386 HisMBP vector (containing a N-terminal 6xHissMBPtag). For negative controls, we generated
387  mutants with substitutionsin their ATP binding domains, FLS2(K900Q), FLS3(K877Q),

388 SERK3A(D418N), and SERK3B(D420N), and included a vector that expressed a short

389  unstructured E. coli sequenced to permit expression of the His-MBP protein in the pDEST-

390 HisMBPvector. Inthein vitro kinase assays, we added either FLS2 or FLS3 and SERK3A or
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391 SERKS3B, and their associated kinase inactive variants (Fig. 3b). When FLS2 and SERK3A are
392  placed in the samereaction, both FLS2 and SERK3A are phosphorylated. However, when FLS3
393 and SERK3A are placed in the same in vitro kinase reaction together, FLS3 (which typically has
394  stronger kinase activity than FLS2) and SERK3A both show a severe reductionin

395 phosphorylation. When the kinase-inactive FLS2 (FL S2(K900Q)) and SERK3A are added

396  together, FLS2(K900Q) is phosphorylated but SERK3A phosphorylation isreduced compared to
397  the FLS2 wildtype reaction. With the kinase-inactive FLS3 (FLS3(K877Q)), FLS3(K877Q) is
398  strongly phosphorylated and SERK3A has weak phosphorylation. Conversely, when the kinase
399 activeversions of FLS2 and FLS3 are added with the kinase-inactive SERK3A(D418N), FLS2
400  phosphorylation is maintained but SERK3A(D418N) phosphorylation is severely reduced

401  compared to the wildtype SERK3A. Similar to the wildtype, FLS3 and SERK3A(D418N)

402  phosphorylation are both very weak when added together.

403

404 A similar pattern is observed when the PRRs or their variants are added with SERK3B or the
405  kinaseinactive version; FLS2 and SERK3B are both phosphorylated, FLS3 and SERK3B are
406  very weakly phosphorylated, FLS2(K900Q) and SERK3B are phosphorylated, and

407  FLS3(K877Q) is phosphorylated but SERK3B isnot. FLS2 isweakly phosphorylated when
408  added with SER3B(D420N), whereas FLS3 is not, and SERK3B(D420N) is weakly

409  phosphorylated.

410

411  Together, these data suggest that FLS2 and FLS3 interact differently with SERK3A and

412 SERK3B.

413

414  PTI driven MPK activation is PRR-specific and isprimarily located in the Early

415 Differentiation Zone

416  TheArabidopsis MAPK3/MAPKG6 homologs, SIMPK 1/2/3, are signaling proteins in the tomato
417  immune pathway upstream of defense gene transcriptional regulation (Pedley et al., 2004;

418  Stulemeijer et al., 2007; Wilmann et al., 2014). To test whether these signaling proteins were
419  conserved downstream of FLS3 and CORE, we first observed MPK 1/2/3 phosphorylation of
420  eight-week-old leaf tissuein H7996 upon treatment with 1uM flg22™, 100 nM flgl1-28™ or
421 1uM csp22". As expected, flg22™ treatment resulted in activation of both MPK 1/2 (45 kDa)
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422  and MPK3 (42 kDa) (Fig. 4a) (Pedley et al., 2014). In contrast, flgll-28™ exhibited MPK

423  phosphorylation for MPK1/2, but not MPK 3, and trestment with csp227® did not result in any
424  phosphorylation. These data suggest that immune signaling pathways downstream of PRRs

425  diverge in tomato.

426

427  We next asked whether MPK 1/2/3 phosphorylation occurred in the root, and if so, whether it

428  followed our ROS burst data and primarily occurred in the ED zone. Thus, we observed MPK
429  phosphorylation of the ED, LD and whole root after treatment with 1uM flg22™, 100 nM flglI-
430  28™ or 1uM csp22™* in five-day old tomato seedlings. Consistent with our ROS data, the ED
431  Zone showed heightened MPK phosphorylation when compared to the LD Zone or whole root
432 for both fIg22™ and figl1-28™ treatment (Fig. 4c-f). Similarly to the ED ROS data for csp22R™,
433  the strength of the PTI response was far lower, if not absent, in tomato ED, LD, and WR sections
434  (Fig. 4g,h). In parallel with the developmental-specificity of PTI-driven ROS burgt, these data
435  not only suggest that the ED zone isthe primary location for PTI initiation and response, but also
436  that ROS burst and MPK phosphorylation — representative of two distinct downstream pathways

437 —aredifferentially controlled within the receptor complex.

438  Transcriptional reprogramming after PAMP treatment is heightened in the ED Zone

439  To further understand the link between devel opmental specificity of PTI initiation and

440  subsequent transcriptome modifications, we used root sections of the PAM P-responsive cultivar
441 H7996 treated with 1uM f1g22™ or 100 nM flglI-28™, Whole root, ED, and LD sections were
442  cut, washed, and left overnight before PAMP or water treatment (Modified from Wel et al.,

443  2018). At 6 hours post treatment, roots were collected for RNA extraction, sequencing, and

444  subsequent analysis using DESeg2 for identification of differentially expressed genes (DEGS).
445  Whole root samples treated with flg22™ or flgl1-28™ differed in the number DEGs than either of
446  thetreated ED samples. In the flg22™ whole root samples, 3836 and 2145 genes were up-

447  regulated and downregulated, respectively, while the ED samples exhibited 2959 upregulated
448  and 3835 downregulated genes (Fig. 5a,b). In the flgl1-28™ whole root samples, 248 genes were
449  upregulated while 221 genes were downregulated in comparison to the ED Zone's 1843

450  upregulated and 1910 downregulated genes (Fig. 5a,b). Only 144 upregulated and 132

451  downregulated genes were shared between whole root treatments, while 1496 upregulated and
452 1513 downregulated genes were shared between treatments for ED samples. The magjority of the
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453  DEGsfound in the whole root samples for each treatment were not identified in our ED samples
454  (Fig. 5c). Theidentification of genes distinctly upregulated in the ED shows that transcriptional
455  regulation in the wholeroot is not reflective of the ED response and is consistent with our data
456  showing the ED exhibits adistinct PTI response. In addition, the increased number of PTI-

457  associated DEGs for flg22™ compared to fIgll-28™ is consistent with our findings that, overall,
458  flg22™ treatment results in more prominent transcriptional reprogramming.

459

460  To more accurately understand the function of the DEGs found in our analysis, we performed a
461 KEGG Pathway analysis and GO Biological Function analysis with the ShinyGO toolkit 0.80.
462  Our GO Biological Function analysis found that transcription for genes involved in plant-

463  pathogen immune responses was increased in the ED Zone. Of the top 20 KEGG categories
464  (False Discovery Rate < 0.05) for each treatment, 13 categories were shared between flg22 and
465  flgll-28 in the ED Zone, including “Cellular Response to Chemical Stimulus” “Intracellular
466  Signal Transduction,” “Responseto Biotic Stimulus,” “Response to Other Organism,” “Response
467  to Externa Biotic Stimulus,” “Biological Processes Involved in the Interspecies Interaction

468  Between Organisms,” (Supplemental Table 1). Between treatments, the ED zone showed an
469  increased number of genesfor flg22 in each of the categories compared to flgll-28 treatment
470  (Fig. Sba,b). Flgll-28 response initiated the exclusive transcription of two Ethylene-Responsive
471  Transcription Factors (ERFs) Solyc05g051200 and Solyc09g066350 as compared to two

472  distinctly upregulated ERFs (Solyc04g012050 and Solyc069g068830) and a number of ethylene
473  receptors upon flg22 perception. Consistent with PTI response in other species, transcripts

474  associated with cell wall and cytoskeleton organization were downregulated in response to both
475 PAMPs (“Cdl Wall Organization or Biosynthesis’) (Wang et a., 2022).

476

477  In comparing the GO Biologica Function categories most upregulated between ED and whole
478  root samples, we found that flg22 treatment shared six of the top twenty categories of

479  upregulated genes (“ Cellular Response to Chemical Stimulus,” “Intracellular Signal

480  Transduction,” “Cellular Response to Organic Substance,” “Response to Oxygen Containing
481  Compound,” and “Cellular Response to Hormone Stimulus’) (Fig. Sba,c). These tended to be
482  broad, less specific categories, and in each category, the shared number of genes between whole

483  root and ED samples were low. For example, the category “ Cellular Response to Chemical
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484  Stimulus’ exhibited 40 DEGs for whole root samples and 72 for ED samples; however, the two
485  root types only shared 13 genes. The same was true for flgl1-28 whole roots, with an even lower
486  number of genes upregulated per category and no overlap between ED and whole root samples
487  (Fig. Sbb,d). Together, this functional analysis further supports a more complex flg22 response
488  compared to flgll-28 and provides evidence that the whole root is not representative of the ED
489  zone's sengtivity to PTI.

490

491  We next asked whether responses in tomato roots were similar to commonly-associated PTI

492  genesthat included PRRs, co-receptors, and downstream signaling elements (Gomez-Gomez et
493  al., 2000; Li et al., 2015; Wei et ., 2018; Hind et a., 2016; Zhang et a., 2020). Out of the

494  twelve PTl-associated genes, only one, SRbohB, showed significant upregulation in the whole
495  root for flgll-28™ treatment; five of the PTI-associated genes were significant for flg22™-

496 treated wholeroots (Fig. 6). In contrast, eleven of twelve PTI-associated genes were

497  differentially expressed after flg22™ treatment in the ED samples, and seven of the twelve

498  transcripts were differentially expressed after treatment with flgll-28™ (Fig. 6). Interestingly,
499 fivegenes (FLS2.1, MPK3, and RbohB, and WRKY33A/B) were significantly downregulated in
500 wholeroot samples while they were significantly upregulated in ED samples.

501

502 We next evaluated fifteen potential PTI marker genes identified in the proteomic analysis by Yu
503 et al. (2021), which had not been detected in previous, whole-leaf and whole-root transcriptional
504  studies. Upon comparison of the gene expression levels within our whole-root data, a single gene
505  (Solyc08g068400) was significantly repressed in the whole root samples treated with flgll-28™
506  and seven were significant for whole root samples treated with flg22™ (Fig. 6). In contrast, ED
507  zones treated with fIgl1-28™ showed significant differential expression for 5 of the 15 candidate
508  PTI marker genes and treatment with flg22™ resulted in significant differential expression for 11
509  of the 15 candidatesin the ED zone. All 5 DEGs from flgll-28™ treatment were found within the
510 flg22™ DEGs. Together, these results support our understanding of PTI specificity in the ED
511  zone and identify five candidate PTI marker genes (Solyc02g065170, Solyc04g014670,

512  Solyc05g006520, Solyc079043420, Solyc11g071620) for both proteomic and transcriptomic

513  studies.

514
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515 Early root growth inhibition isa result of flg22-mediated PTI, but not of flgl1-28 or csp22.
516  Our results revealed differences between early tomato root responses to flg22 and flgl1-28 and
517  signaling downstream of FLS2 and FL S3. To test whether the differencesin immune signaling
518 resulted in different phenotypic outcomes, we tested the impact of each peptide on root growth.
519  Although prolonged flg22 exposure leads to seedling growth inhibition (Gomez-Gomez, 2000),
520  we hypothesized that the robust transcriptional response in the tomato root ED may have an
521  observable phenotypic outcome after transient exposure to flg22. Given the relative differences
522  intranscriptional reprogramming between flg22™ and flgl1-28™ treatment, we reasoned that
523  tomato roots would show a more prominent phenotypic response to flg22™ treatment than flgl1-
524  28™. We hypothesized that csp22™™ treatment would have a minor influence on root growth,
525  similar to that of ROS burst amplitude and attenuation.

526  Upon asingle treatment with 1uM fIg22™ root growth in each of the four cultivars tested was
527  temporarily inhibited for the first 24 hours post inoculation (hpi) but recovered to that of mock
528 by 48 hpi (Fig. 7a). Treatments of both 100 nM flgl1-28™ and 1uM csp22™ on all four

529 cultivarsfailed to dicit temporary growth inhibition at both 24 and 48 hpi (Fig. 7b,c). Asa
530  control, roots were treated with flg22R*

531  inhibition for figll-28™ and csp22™ strengthens our hypothesis that FL.S2-mediated PTI is

(Fig. 7d). The absence of temporary root growth

532 more sensitive than other bacterial-peptide recognition by respective PRRs and that downstream
533 dementsof PTI areindependent yet overlapping.

534  To test whether this same temporary growth inhibition and recovery occurred in other FLS2-
535 mediated PTI events, we performed aroot growth assessment on Arabidopsis (Col-0) seedlings
536  with the same single PAMP flood treatment. Notably, atemporary FL S2-mediated root growth
537 inhibition for flooded Arabidopsis seedlings did not occur until 48 hours post treatment (Fig.
538 $4a). Similar to tomato, the Arabidopsis seedlings resumed normal growth rates just 24 hours
539 later. Overall, our experiments indicate that the strength of root growth inhibition to asingle
540 PAMPtreatment varies among elicitors, and tomato root response and recovery to asingle

541  flg22™ elicitation occurs more rapidly than that of Arabidopsis.

542

543 Temporary root growth inhibition (RGI) isindependent of ROS burst in tomato root PTI
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544  In Arabidopsis, PAMP-induced prolonged RGI is independent of the NADPH oxidase RBOHD
545 (Luetal., 2009; Shinyaet a., 2014; Tran et a., 2020). In tomato, the NADPH oxidase SRbohB
546  hasbeen linked to PTI-derived ROS burst, but it remains unclear whether SRbohB and RGI are
547  directly linked. We found that flgl1-28™ induced a ROS burst with higher amplitude and longer
548  attenuation compared to roots treated with flg22™. However, roots treated with flg22™, but not
549  flgll-28™, exhibited atemporary RGI. These results prompted us to ask whether the PTI-derived
550 ROS burst and temporary RGI are independent processes in tomato.

551  To examine whether ROS production and temporary RGI are independent, we performed RGI
552  assaysusing the NADPH oxidase inhibitor diphenyleneiodonium chloride (DPI) alongside

553  flg22™ treatment for tomato cultivars H7996 and LA2093. We first identified the minimum
554  concentration of DPI needed to fully inhibit the ROS burst response (Fig. S6). Using this

555  concentration (1 uM), we pre-treated tomato seedlings with either DPI or a mock solution before
556  applying 1uM flg22™. Despite the DPI treatment, temporary root growth inhibition was still
557  observed in both H7996 and LA2093 (Fig. 8A-B), suggesting that temporary RGI was not

558  dependent on NADPH-produced ROS.

559

560 To further investigate the independence of ROS burst and temporary RGI, we repeated the initial
561  single-treatment growth inhibition experiment on seedlings with a point mutation in SRbohB,
562 leading to aframeshift in exon 1. The Srbohb line displayed an abolishment in ROS response
563  upon treatment with 100 nM fIg22™* (Fig. S8). Upon treatment with 1 uM fIg22™, the Srbohb
564  lines exhibited temporary RGI at 24 hours compared to mock treatment (Fig. 8C). Together,
565 theseresults strongly suggest that temporary RGI and ROS burst function independently in

566  SFLS2-mediated PTI.

567

568  We next asked whether FL.S2-mediated temporary RGI in Arabidopsis was dependent on ROS.
569  We used both AtrbohD and AtrbohD/rbohF knockout lines to measure RGI in response to 1uM
570 flg22 treatment. The wild-type (Col-0) and the rbohD mutant lines exhibited RGI between 24
571  and 48 hpi, similar to previous experiments with flg22™ (Fig. $4B). These findings are

572  consistent with the independence of ROS burst and FL S2-mediated temporary RGI in

573  Arabidopsis(Lu et al., 2009; Shinyaet al., 2014; Tran et a., 2020).

574
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575 DISCUSSION
576  Pattern-triggered immunity (PTI) plays acrucia rolein the innate immune response of plants,

577 including tomato, where it is activated by the recognition of conserved microbial patterns

578  through pattern recognition receptors (PRRS). These receptors, integral to the detection of and
579  defense of pathogens, have been successfully transferred within and among species, showing
580 promise in broad-spectrum resistance strategies for crop protection. However, to effectively

581  engineer crops for broad-spectrum resistance, we must first understand how each PRR functions
582 initsplant of origin. Our work aims to understand the PTI dynamics of three PRRsin tomato
583  roots responsible for the recognition of three distinct bacterial-derived PAMPs. We first set out
584  to compare hallmark elements of PTI between these PRRs, finding that both responses to flgll-
585 28 and cgp22 were distinct from the flg22 response in the short-term MPK 1/2/3 activation and
586 temporary root growth inhibition. For the flagellin-derived PAMPs, we also noted differencesin
587  flgll-28 recognition that included a primary reliance on SERK3a, but not SERK3b, for the

588 initiation of ROS burst and an overall lower level of transcriptional reprogramming. Further, we
589 found that signature elements of PTI, such as MPK phosphorylation and ROS burgt, are

590 development-specific in the root, occurring primarily in the Early Differentiation Zone.

591  Consistent with this, we found that the ED Zoneis also a hotspot for defense gene activation
592  upon PTI activation.

593

594  Together, our data shows that individual LRR-RLKs initiate distinct PTI responses in tomato
595  rootsthat are highest in the root’ s devel oping tissues.

596

597 FLS2, FL S3, and CORE response exhibit natural variation in tomato roots.

598 Variation in PTI response among cultivars of S. lycopersicum has been well documented within
599 leaf samples, including that of differencesin amplitude and attenuation of ROS formation

600 (Veluchamy et al., 2014; Roberts et al., 2019; Moroz & Tanaka, 2020). Our study reveals key
601 details of PTI signaling in below ground tissues, including that the ROS production also variesin
602  amplitude and attenuation within tomato roots. Specificaly, flgl1-28™ induces a stronger

603  response compared to flg22™, despite the lower concentration of flgll-28™ (100nM) to flg22™
604 (1 uM). Theflgll-28™ response showed a more prolonged attenuation than flg22™, with ROS
605  production returning to basal levels after over 60 minutes, whereas ROS levelsiin flg22™-treated
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606  samples returned to baseline after 40 minutes. On the contrary, treatment with 1uM csp22°=
607  dlicited only 1/20™ of the ROS burst in H7996 as flg22. Considering the amplitude of ROS

608  response for flgll-28™, we hypothesized that temporary RGI for the four cultivars would be
609  stronger after flgll-28™ treatment than after flg22™. We were surprised to see that flgll-28

610 samples, in fact, showed no temporary RGI in any of the four cultivars. The absence of

611 temporary and RGI for flgll-28™ treatment despite the stronger ROS response suggests that just
612  with AtFLS2, flgll-28 recognition drives separable PTI responses (Colianni et al., 2021).

613

614  For csp22 response, our whole root H7996 and LA2093 samples exhibited a strong ROS burst,
615 while Wv700 and Y ellow Pear lacked a significant ROS. This was different than our results for
616 ED sections, where H7996 and Y ellow Pear showed significant ROS burst. The contrasting

617  csp22 responsesin LA2093 between whole root and ED zone suggest that CORE may not have
618 ED-specificinvolvement in PTI response. Due to the speculation of both age-specific (Wang et
619 al., 2016; Dodds et a., 2023) and devel opment-specific SCORE expression, we further

620 investigated whether the heightened csp227 ROS response was seen in four additional varieties
621 of tomato (S lycopersicum) and confirmed that, just as with flg22 and flgll-28 treatment, CORE-
622 mediated ROS response was present in the ED Zone for three of the four samples. If not solely
623  age dependent, the lack of ROS response to csp22 made us question the role of CORE-mediated
624  PTI in quantitative resistance strategies.

625

626  These data show that tomato cultivars not only show peptide-specific ROS burst amplitude and
627  attenuation, but also exhibit natural genetic variation in root ROS responses similar to |eaf

628  tissues. Additionally, the strength of ROS and RGI responses are not directly correlated. The
629  separation in response type and strength alludes to the existence of tightly regulated, PRR

630  specific downstream pathways.

631

632 Tomato roots exhibit distinct, but overlapping, PTI responsesto immunogenic peptides.
633  The Pattern Triggered Immunity (PT1) mode was originally established in Arabidopsis and has
634  sense served as afoundation in understanding plant immune responses, particularly in the role of
635 LRR-RLK FLS2 and its associated counterparts. co-receptor AtBAK1 (Li et al, 2002; Sun et al,
636  2013), receptor-like cytoplasmic kinase AtBIK1 (Lu et al., 2010; Zhang et al., 2010), mitogen-
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637  activated protein kinases AAMAPK3/6 (Asai et al., 2002) and NADPH oxidase AtRBOHD (Li et
638 a., 2014) and WRKY 33 (Zipfel et a., 2004). While these findings on FLS2 activation have
639 helped to drive PTI-based bioengineering strategies for broad spectrum resistance, PRRs such as
640 tomato FLS3 and CORE are not found within the Arabidopsis genome (Ngou et al., 2022). FLS3
641 isonly found within Solanaceous plants (Clarke et al., 2013) and CORE is found in both

642  Solanaceous plants including N. benthamiana (Wang et al., 2016).

643

644  Upon our initial discovery that FLS2 and FLS2-mediated PTI result in characteristic differences
645 between ROS burst and MPK activation compared to FLS3, we hypothesized that these

646  downstream elements of PTI must be differentially regulated by complex co-receptors or RLCKs
647 inthe PTI pathway. AtBAK1 homologs NbBAK1, SSERK3A, and SSERK3B are known to
648 form acomplex with FLS2 in N. benthamiana and tomato (Peng & Kaloshian, 2014; Hind et al.,
649  2016). In accordance with previous findings, our results show an increased amplitude and

650 prolonged attenuation of flgll-28 ROS response compared to that of flg22 (Roberts et al., 2020)
651  which led usto believe that the activation of SERK3a and SERK3b may differ for FLS3

652  response. Our results here show that silencing of SERK3a, but not SERK3b, resulted in a

653  significant decrease of ROS response by tomato FLS3 (Fig. 8).

654

655 Independent of ROS response, our results show that PTI initiates a downstream activation of
656 MPKsleading to transcriptional reprogramming and the upregulation of defense genesin tomato
657  roots. Likethat of Arabidopsis, flg22 perception activates AtMAPK 3 and AtM APK 6 homologs
658 SMPK3 and SMPK1/2, respectively (Fig. 3) (Pedley, 2004; Willman, 2014). Figll-28

659  perception in tomato roots primarily activates SIMPK 1/2 phosphorylation (Fig. 3), whichis

660  similar to FLS3 perception in Solanum tuberosum (Moroz & Tanaka, 2020). This differs from
661 theactivation of MAPK1/2/3 seen in tomato protoplasts (Hind et al., 2016). Interestingly, S.

662  tuberosum exhibits MPK phosphorylation upon flgl1-28 perception, but not flg22 (Moroz &

663  Tanaka, 2020). Although, it is possible that the MPK3 is present in roots but too low to be

664  detected. Unlike flg22 and flgll-28, csp22 treatment resulted in alack of MPK1/2/3

665  phosphorylation for five-day-old tomato roots or eight-week-old tomato leaves, suggesting that
666  though SCORE transiently expressed in N. benthamiana |eaves phosphorylate NoMAPK3 and
667 NbMAPKSG, significant MPK phosphorylation upon csp22 recognition is absent in tomato roots
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668 (We et d., 2016). Together, these data suggest that while there are conserved elementsin PTI
669  signaling across species, there are also unique aspects within the Solanaceae family that have
670 evolved to optimize pathogen recognition and defense mechanisms.

671

672 In Arabidopsis, the RLCK AtBIK1 is often referred to as a central regulator underlying PTI,
673  integrating signals from multiple PRRs and responsible for the activation of NADPH oxidase
674 AtRBOHD (Li et al., 2014; Bi et al., 2018). In tomato, functional divergence has resulted in no
675 direct AtBIK1 homolog; however, a handful of RLCKsin the tomato genome have known

676  functionsand interact with FLS2 and FLS3. RLCKs involved in flagellin-derived PTI response
677 arenot well characterized beyond that of STPK1b (FLS2) and SFIR1 (FLS2/FLS3) (AbuQamar
678 etal., 2008; Sobal et al., 2023). Mutationsin SFIR1 exhibit lower levels of ROS upon treatment
679  with both flg22 and flgll-28; in contrast, levels of MPK phosphorylation in tomato leaves were
680 unaffected for both treatments. Whether this change in downstream elementsis driven by the
681  direct phosphorylation of SERKs by FLS2/ FLS3 or by differential phosphorylation of

682  downstream RLCKSsis not fully understood. Characterization of additional RLCK homologsin
683  tomato will provide a clearer picture of PTI regulation in tomato.

684

685 Tomatoroot PTI is specific to the early differentiation zone

686 PTl isatightly regulated process, with PRRs exhibiting both spatial and devel opmental

687  gpecificity. For example, the EF-Tu receptor in Arabidopsisis expressed only in above-ground
688  tissues (Wyrsch et al., 2015), while AtFLS2 demonstrates tissue specific expression, particularly
689 inthe stele, stomata, and lateral roots (Beck et al., 2014). This expression of PRRsis highly
690 correlated with entry sites of potential pathogens such as natural openings or wounds within the
691  plant tissues. For soilborne pathogens such as Ral stonia solanacearum, these natural openings
692  arethought to include developing root tissues and lateral root emergence sites (McGarvey et dl.,
693  1999; Caldwell et al., 2017). Our data showed that the molecular components of PTI are most
694  prevalent in the early differentiation (ED) zone, aregion in which root cells are e ongating and
695 initiating the process of differentiation.

696

697  Intomato, the AIRBOHD homolog SRbohB is not only responsible for PTI-driven ROS burst,
698  but also contributes to the regulation of primary root elongation and development (Zhou et al.,
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699  2020). Our results showed that the ED zone — marked by the absence of fully developed root
700  hairs—isthe primary location of ROS response for flg22™, flgl1-28™, and csp22™®. The ED
701  appeared to be a‘hotspot’ for PTI responses, as ROS activity was not the only devel opment-
702  gpecific PTI response. The ED zone showed significant upregulation in MPK activation

703  compared to the whole root, and the LD zone lacked aMAPK response. Together, the presence
704  of both ROS and MPK activation in the ED tissues are consistent with the localization of PTI
705  senditivity to areas of pathogen entry. The heightened sensitivity of the ED zone was also

706  reflected in our genome-wide transcriptomic results. Compared to the whole root samples, a
707  higher number of DEGs correlating with plant-biotic interactions and PTI were also seen in ED
708 samples.

709

710  Our results also show atightly regulated transcriptional reprogramming by FLS2 and FLS3 with
711  clear differencesin number of upregulated DEGs for both flg22 (WR: 2145, ED: 2959) and flgll-
712 28 (WR: 248, ED: 1843) treatment. Although we found many overlapping genes between flg22
713  and flgll-28 treatments in the ED zone (1,496 genes) the response to flg22 had 1,453 distinct
714  upregulated DEGs compared to 335 genes for flgll-28.

715

716  Together, our data suggests that PT1-driven ROS formation, MPK1/2/3 activation, and

717  transcriptional reprogramming are primarily located in specific developmental regions of the
718  tomato root. In the context of tomato, the PTI response initiated by FL S3 appears to be amore
719  specific process compared to FLS2, reflecting evolutionary adaptation in PTI response.

720

721  Conclusons

722 Our work identifies key differencesin FLS2, FLS3, and CORE-mediated PTI pathwaysin

723  tomato roots, highlighting the importance of studying PTI across a range of plant speciesto
724  understand the diversity and evolution of plant immune systems. Understanding how PRR

725  pathways diverge and the impact on downstream phenotypesin different species provides a
726  foundation for developing targeted strategies to optimize PTI responses and broad-spectrum
727  resistance in Crops species.

728
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955 FIGURE LEGENDS

956  Fig. 1: Reactive Oxygen Species (ROS) burst amplitude varies both by PAMP type and cultivar
957  for tomato whole roots. Root samples from 5-day-old tomato seedlings of H7996, LA2093,

958  WV700, and Yellow Pear were treated with (a) 1 uM f1g22™, 100 nM flgl1-28™ or mock (water),
959 (b) 1uM csp22RS°' or mock (water), and (c) 1 uM fIgZZRs"' or mock (water). Values represent the
960 mean = SD from at least 18 replicates per treatment (Wilcoxon, *p<0.05, **p<0.01,

961 ***p<0.001, ****p<0.0001)

962 Fig. 2: Reactive Oxygen SpeciesBurst isprimarily found in the Early Differentiation Zone.
963 (@) Schematic representation of the root zones, including the Late Differentiation Zone, Early
964  Differentiation Zone, and Meristematic/Transition Zone. H7996 treated with (b) 1 uM flg22™ or
965  mock (water), (c) 100 nM flgl1-28™ or mock (water), (d) 1 uM csp22R or mock (wate).

966  Values represent the mean £ SD from at least 6 replicates per treatment. The assay was repeated

967 threetimeswith similar results.

968 Fig. 3. SERK3A and SERK 3B interact differently with flagellin PRRs FL S2 and FL S3. (a)
969 Total ROS produced through addition of peptides flg22 or flgll-28 in tomato when genes

970 SERKS3A, SERK3B, or both SERK3A and SERK 3B (SERK3A/3B) are knocked down using
971  virus-induced gene silencing (VI1GS) alongside the empty control (EC1). The figure shows one
972  representative replicate (n=4 plants of each VIGS). The experiment was repeated ten times with
973  similar results (n=40). (b) in vitro transphosphorylation assay showing kinase activation of the
974  cytoplasmic domainsof FLS2, FLS3, SERK3A, and/or SERK 3B and their kinase-inactive

975 variantsas controls (FLS2(K900Q), FLS3(K877Q), SERK3A(D418N), and SERK3B(D420N)).
976 A protein generated from the empty vector (6x-His-MBP) was used as a negative control. FLS2
977  or FLS3 or their kinase-inactive variants were subjected to phosphorylation with SERK3A or its
978  kinaseinactive variant (left pandl) or SERK3B or its kinase-inactive variant (right panel). Upper
979  panelsindicate **P detection through a phosphor-screen. Equal protein loading is demonstrated
980  with the Coomassie blue staining (lower panels). 10% SDS-PAGE gels were exposed to a

981  phosphor-screen for 13 hours. The figureis from one representative replicate, and the experiment

982  wasrepeated six timeswith similar results.

983 Fig. 4. MAPK phosphorylation in tomato leaf and root tissues upon treatment with various
984 PAMPs. (a) Eight-week-old leaf samples treated with mock (water), 1 uM flg22, 100 nM flgll-
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985 28, or csp22. (b) Quantification of MAPK phosphorylation in leaf samples from 4a, normalized
986 to actin. (c) Root sections representing LD, ED, and WR treated with mock (water) or 1 uM

987 flg22. (d) Quantification of MAPK phosphorylation in root sections from 4c, normalized to

988  actin. (e) Root sections treated with mock (water) or 100 nM flgll-28. (f) Quantification of

989 MAPK phosphorylation in root sections from 4e, normalized to actin. (g) Root sections treated
990  with mock (water) or csp22. (h) Quantification of MAPK phosphorylation in root sections from
991  4g, normalized to actin. Phosphorylation was assessed by western blot using Phospho-ERK 1/2
992 HRP-linked antibody (CellSignaling, #8544). Total proteins were detected by Anti-Actin HRP-
993 linked Antibody (Abbkine). A Bradford assay was also used for equal protein loading. The assay

994  wasrepeated three times with similar results.

995 Fig. 5. Differentially expressed genes six hour s after treatment with 1 uM flg22 or 100 nM
996  flgll-28. Venn diagram depicting both up- and downregulated DEGs for (a) whole root or (b)
997  Early Differentiation zone samples after treatment with flg22 or flgl1-28. (c) Overlap in DEGs
998 for Whole Root and Early Differentiation Zone samples. DESeg2, p-adj < 0.05.

999 Fig. 6. Expression of genesfrom the RNAseq dataset that encode for proteinsdirectly
1000 associated with the PTI1 signaling pathway aswell as PTI-mar ker gene candidates from Yu.
1001 et al (2021). The colors of the graph represent the Log2FC, while significance is shown through
1002  thep—adj values: < 0.05*, 0,01**, 0.001***, 0.0001**** 0.00001*****

1003  Fig. 7. Temporary root growth inhibition is obser ved for flg22™

treatment, but not flgl |-
1004 28" csp22” or fIg22%. Changein root growth (cm/24 hour) for tomato roots of cultivars
1005 H7996, LA2093, Wv700, and Yellow Pear from 0-24 hours and 24-48 hours. Tomato seedlings
1006  treated with (a) 1 uM flg22™ or mock (water), (b) 100 nM flgl1-28™ or mock (water), (c) 1 pM
1007 csp22™ or mock (water), and (d) 1 uM flg22™ or mock (water). Values represent the mean
1008  +SD from at least 12 roots per treatment (Wilcoxon, *p<0.05, **p<0.01, ***p<0.001,

1009  ****p<(0.0001)

1010 Fig. 8. Temporary RGI isindependent of ROSburst in tomato root PTI response. Change
1011  inroot growth (cm/24 hour) for tomato from 0-24 hours and 24-48 hours. Five-day-old tomato
1012  seedlings of (A) H7996 and (B) LA2093 were treated with 1 uM DPI or mock (water) four hours
1013 prior to 1 uM flg22™ or mock (water) treatment. Values represent the mean +SD from at least
1014 36 replicates per treatment. (Sudent’s t-test, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001)
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1015 Table 1. Cultivarsof tomato used in this study.

1016  Supporting I nfor mation

1017  Fig. S1. Reactive Oxygen Species (ROS) bur st dynamics vary by PAM P type for tomato
1018 wholeroots.

1019  Fig. S2. LA0176 does not respond to csp22~™,

1020 Fig. S3: Reactive Oxygen Species Bur st varies both among cultivar sand between PAMP
1021 typeintheED zone

1022  Fig. $4. gPCR of virus-induced gene silencing (VI GS) constr ucts confirming reduced
1023  expresson.

1024  Fig. S5. Top 20 GO Biological Function categoriesrepresented by genesupregulated in
1025 responseto PAMPtreatmentsin tomato roots.

1026  Fig. S6. Temporary root growth inhibition is observed in Arabidopsis seedlings for flg22™°

1027 treatment at 24 hpi, but not earlier.

1028 Fig. S7. Determination of DPI concentration sufficient to fully inhibit H7996 ROS burst in
1029  responseto flg22™".

1030 Table S1. Primersand Constructs used in this study.

1031 Table S2. Reactive Oxygen SpeciesBurst isprimarily found in the Early Differentiation

1032 Zonefor additional cultivarsof tomato.

1033
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1034 Table 1: Cultivarsof tomato used in this study.

Species Cultivar Notes Reference
Solanum lycopersicum H7996
Yellow Pear No FLS3 expression Hind et. d., 2016
Brandywine

Black From Tula
AilsaCraig
Rutgers

Rio Grande

Rio Grande PtoR

Rio GrandePtoR  RbohB genome edited line  Zhang et al., 2020
rbohb

Solanum pimpinellifolium ~ LA2093

Wv700

Solanum pennédllii LAO716 No CORE expression Wang et d., 2016

1035
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Fig. 1. Reactive Oxygen Species (ROS) burst amplitude varies both by PAMP type and cultivar for tomato
whole roots. Root samples from 5-day-old tomato seedlings of H7996, LA2093, Wv700, and Yellow Pear (YP)
were treated with (a) 1 uM flg22™, 100 nM flgl1-28™ or mock (water), (b) 1 uM csp22™ or mock (water), and (c)
1 uM flg227* or mock (water). Values represent the mean + SD from at least 18 replicates per

treatment_ (Wilcoxon, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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Fig. 2: Reactive Oxygen Species Burst isprimarily found in the Early Differentiation Zone. (a)
Schematic representation of the root zones, including the Late Differentiation Zone, Early Differentiation
Zone, and Meristematic/Transition Zone. H7996 treated with (b) 1 pM f1g22™ or mock (water), (c) 100

nM flgl1-28™ or mock (water), (d) 1 pM csp22°* or mock (water). Values represent the mean + SD from
at least 6 replicates per treatment. The assay was repeated three times with similar results.
A
i LT
T e e e e e e e e
Meristem  Early Differentiation Late Differentiation
B flg22™! LD & ED C figll-28™', LD & ED
20000 4
© o 20000 - "
§ 150004 1 Treatment § ’ . Treatment
= “©- EDMock = 150001 -© ED Mock
o [o]
% & 1D Mock % 10000- & LD Mock
£ -4 EDflg22 £ -4 EDflgll-28
§ @ LDfig22 § 5000 - @ LD figll-28
74 74
T T T T T 0 T T T T T
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)
D csp22™° LD&ED
% ‘ ‘ ‘ Treatment
% 10001 -©- ED Mock
n%: & 1D Mock
£ 500 -4 EDcsp22
§ -~ LDcsp22
T
0 4

0 10 20 30 40
Time (min)

39


https://doi.org/10.1101/2024.11.04.621969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.04.621969; this version posted November 5, 2024. 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 aCC-BY-NC-ND 4.0 International license.

1048  Fig3. SERK3A and SERK 3B interact differently with flagellin PRRsFL S2 and FL S3. (a) Total ROS produced
1049  through addition of peptides flg22 or fIgll-28 in tomato when genes SERK3A, SERK 3B, or both SERK3A and
1050 SERK3B (SERK3A/3B) are knocked down using virus-induced gene silencing (VIGS) alongside the empty control
1051  (EC1). Thefigure shows one representative replicate (n=4 plants of each VIGS). The experiment was repeated ten
1052  timeswith similar results (n=40). (b) in vitro transphosphorylation assay showing kinase activation of the

1053  cytoplasmic domains of FLS2, FLS3, SERK3A, and/or SERK 3B and their kinase-inactive variants as controls
1054  (FLS2(K900Q), FLS3(K877Q), SERK3A(D418N), and SERK3B(D420N)). A protein generated from the empty
1055  vector (6x-HissMBP) was used as a negative control. FLS2 or FLS3 or their kinase-inactive variants were subjected
1056  to phosphorylation with SERK3A or its kinase inactive variant (lIeft panel) or SERK 3B or its kinase-inactive variant
1057  (right panel). Upper panels indicate *P detection through a phosphor-screen. Equal protein loading is demonstrated
1058  with the Coomassie blue staining (lower panels). 10% SDS-PAGE gels were exposed to a phosphor-screen for 13
1059 hours. The figure isfrom one representative replicate, and the experiment was repeated six times with similar

1060  results. A
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Fig. 4. MAPK phosphorylation in tomato leaf and root tissues upon treatment with various PAM Ps. (a) Eight-
week-old leaf samples treated with mock (water), 1 uM flg22, 100 nM flgl1-28, or csp22. (b) Quantification of
MAPK phosphorylation in leaf samples from 4a, normalized to actin. (c) Root sections representing LD, ED, and
WR treated with mock (water) or 1 uM flg22. (d) Quantification of MAPK phosphorylation in root sections from
4c, normalized to actin. (e) Root sections treated with mock (water) or 100 nM flgl1-28. (f) Quantification of MAPK
phosphorylation in root sections from 4e, normalized to actin. (g) Root sections treated with mock (water) or csp22.
(h) Quantification of MAPK phosphorylation in root sections from 4g, normalized to actin. Phosphorylation was
assessed by western blot using Phospho-ERK 1/2 HRP-linked antibody (CellSignaling, #8544). Total proteins were
detected by Anti-Actin HRP-linked Antibody (Abbkine). A Bradford assay was also used for equal protein loading.

The assay was repeated three times with similar results.
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1072  Fig. 5. Differentially expressed genessix hours after treatment with 1 uM flg22 or 100 nM flgl1-28. Venn
1073  diagram depicting both up- and downregulated DEGs for whole root (a) or Early Differentiation zone (b) samples
1074  after treatment with flg22 or flgl1-28. Overlap in DEGs (c) for Whole Root and Early Differentiation Zone samples.
1075  DESeqg, p-adj < 0.05.
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Fig. 6. Expression of genes from the RNAseq dataset that encode for proteins directly associated with the PTI
signaling pathway aswell as PTI-marker gene candidates from Yu. et al (2021). The colors of the graph
represent the Log2FC, while significance is shown through the p—adj values: < 0.05*, 0,01**, 0.001***,
0.0001****  0.00001*****
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1081 Fig. 7. Temporary root growth inhibition is observed for flg22™ treatment, but not flgl1-287%, csp22%<, or
1082  flg22R®. Changein root growth (cm/24 hour) for tomato roots of cultivars H7996, LA2093, Wv700, and YeIIow
1083  Pear from 0-24 hours and 24-48 hours. Tomato seedlings treated with (a) 1 uM fIg22PS‘ or mock (water), (b) 200 nM
1084  flgll-28™ or mock (water), (c) 1 pM csp22R® or mock (water), and (d) 1 uM f1g22° or mock (water). Values
1085  represent the mean + SD from at least 12 roots per treatmentl (W Icoxon, *p<0.05, **p<0.01, ***p<0.001,
1086  ****p<0.0001)
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Fig. 8. RGI isindependent of ROS burst in tomato root PTI response. Change in root growth (cmv/24 hour) for
tomato from 0-24 hours and 24-48 hours. Five-day-old tomato seedlings of (a) H7996 and (b) LA2093 were treated

with 1 uM DPI or mock (water) four hours prior to 1 uM flg2

2R$|

or mock (water) treatment. Values represent the

mean + SD from at least 36 replicates per treatment. (Wilcoxon, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)

Five-day-old tomato seedlings of (c) rbohb and background Rio Grande PtoR were treated with 1 pM flg22Rso or

mock (water) treatment. Values represent the mean = SD from at least 8 replicates per treatment. (Student’ st-test,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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