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Abstract

Plant immunity is often defined by the "immunity hormones": salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET). These hormones are well known for differentially regulating
defense responses against pathogens. In recent years, the involvement of other plant
growth hormones such as auxin, gibberellic acid, abscisic acid, and cytokinins (CKs) in
biotic stresses has been recognized. Previous reports have indicated that endogenous
and exogenous CK treatment can result in pathogen resistance. We show here that CK
induces systemic tomato immunity, modulating cellular trafficking of the PRR LeEIX2 and
promoting biotrophic and necrotrophic pathogen resistance in an SA and ET dependent
mechanism. CK perception within the host underlies its protective effect. Our results
support the notion that CK acts as a priming agent, promoting pathogen resistance by

inducing immunity in the host.
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Introduction

During plant-pathogen interactions, plants must sense and respond to many signals to
balance growth and defense in an adverse environment (Jones and Dangl, 2006). The
response to external stimuli through cellular signaling events can lead to resistance or
susceptibility to pathogens, depending on the environment, pathogen virulence factors,
and the genetics of the host plant.

Plant immune responses have evolved sophisticated strategies to suppress pathogen
infection, and the two major layers of which are pathogen-associated molecular patterns
(PAMPSs)-triggered immunity (PTI) and effector-triggered immunity (ETI) (Spoel and
Dong, 2012). These phenomena reflect the dynamic balance between the ability of the
plant to activate defense responses against pathogen and the capability of the pathogen
to suppress the plant's immune system (Dodds and Rathjen, 2010). Plant induced
immunity has become an interesting area to study the perception of pathogens and
activation of host defense regulatory mechanisms (Macho and Zipfel, 2014). The induced
immunity of plants displaying increased resistance is often not attributed to direct
activation of defenses, but, rather, to a rapid, stronger activation of basal defense
signaling upon exposure to pathogens.

Plant immunity is often defined by what are considered the "immunity hormones": salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET). These hormones are well known for
differentially regulating defense responses against pathogens (Bari and Jones, 2009;
Hatsugai et al., 2017). In recent years, the involvement of other, more "classical" plant
growth hormones such as auxin, gibberellic acid (GA), abscisic acid (ABA), and cytokinins
(CKs) in biotic stresses has been recognized (Shigenaga et al., 2017; Chanclud and
Morel, 2016) .

Cytokinin (CK) is an important developmental regulator, having activities in many aspects
of plant life and its response to the environment. CKs are involved in diverse processes
including stem-cell control, vascular differentiation, chloroplast biogenesis, seed
development, growth and branching of root, shoot and inflorescence, leaf senescence,
nutrient balance and stress tolerance (Muller and Sheen, 2007). The roles of CK in plant
growth and development have been reviewed extensively (Werner and Schmdlling, 2009;
Sakakibara, 2006; Keshishian and Rashotte, 2015; Mok and Mok, 2001).
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In some cases, plant pathogens can secrete CKs, or induce CK production in the host
plant. The hemibiotrophic actinomycete Rhodococcus fascians produces CKs.
Recognition of R. fascians derived CKs is essential for symptom development in
Arabidopsis (Pertry et al., 2009). The spores of biotrophic rust and powdery mildew fungi
contain CKs, which may be associated with green islands at the infection sites (Kiraly, Z.,
El Hammady, M., Pozséar and Kiraly, Z., Hammady, M.E., and Pozsar, 1967; Kiraly, Z.,
Pozsar, B., and Hammady, 1966). It has been suggested that to achieve pathogenesis in
the host, CK-secreting biotrophs or hemibiotrophs manipulate CK signaling to regulate
the host cell cycle and nutrient allocation (Jameson, 2000).

Works concerning the roles of CK in the plants' interaction with microbes that do not
produce CK are less abundant. High levels of CKs were found to increase the plants’
resistance to some viral pathogens and herbivores (Ballaré, 2011). Transgenic
overexpression of CK-producing IPT genes increased Arabidopsis resistance to
Pseudomonas (Choi et al., 2010), while overexpression of genes encoding CK oxidase,
or mutating the endogenous CK AHK receptors, enhanced Arabidopsis pathogen
susceptibility (Choi et al., 2011, 2010; Argueso et al., 2012). In another study, CKs were
found to mediate enhanced resistance to Pseudomonas syringae in tobacco (Grosskinsky
et al., 2011). Different mechanisms have been suggested for this enhanced resistance.
In Arabidopsis, it was suggested that CK-mediated resistance functions through SA
dependent mechanisms, based on the finding that ARR2 ,(a positive regulator of CK
signaling) interacts with TGA3 (a transcription factor involved in inducing SA-responsive
genes) in the regulation of the disease marker gene PR1 against biotrophic infections in
plants (Choi et al., 2010). An additional study suggested that CK signaling enhances the
contribution of SA-mediated immunity in hormone disease networks (Naseem et al.,
2012). CK was proposed to function in Arabidopsis immunity against the biotroph H.
arabidopsidis through repression of type-A response regulators (Argueso et al., 2012). In
tobacco, an SA-Independent, phytoalexin-dependent mechanism was suggested
(Grosskinsky et al., 2011).

In this work, we investigated the effects of CK on disease resistance and immunity in
tomato, demonstrating that CK ameliorates disease outcomes of the tomato necrotrophic
fungus Botrytis cinerea and biotrophic fungus Oidium neolycopersici, that CK activates

tomato immunity, and that CK signaling is activated in tomato in response to B. cinerea.
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92 We show that high CK levels activate the plant defense machinery, and that CK response
93 within the plant serves as a systemic immunity signal. CK promotes PRR trafficking and
94 requires SA and ET, but not JA mechanisms, to exert its full effect in tomato defense.

95

96 Results

97 Exogenous CK treatment ameliorates tomato disease

98 Works describing the role of CK in plant disease were obtained only in select plant-

99 pathogen experimental systems (Albrecht and Argueso, 2017). To investigate the role of
100 CK in tomato fungal disease response, we examined the effect of CK on pathogenesis of
101 a necrotrophic fungal pathogen, B. cinerea (Bc), which is the causative agent of grey mold
102 in over 1000 different plant hosts, and a biotrophic fungal pathogen, O. neolycopersici
103 (On), a causative agent of powdery mildew disease. The results are presented in Figure
104 1.
105 Wild type (WT) Solanum lycopersicum cv M82 tomato plants were treated with varying
106 concentrations of the CK 6-Benzyl Amino Purine (6BAP, BA) prior to pathogen infection,
107 and the dose response of disease progression was measured as described in the
108 methodology section. Disease was assessed 5-10 days after pathogen inoculation. CK
109 pre-treatment significantly decreased disease levels of the necrotrophic fungal pathogens
110 B. cinerea (B. cinerea, Bc), (Figure 1 a-f), and the biotrophic fungal pathogen Oidium
111 neolycopersici (Figure 1h). The strength of the disease follows a dose-response to the CK

112 concentration applied.

113 To test whether CK pre-treatment of additional CK compounds has a similar effect, we
114 examined B. cinerea disease progression after pre-treatment with kinetin, trans-zeatin,
115 and thidiazuron (TDZ), as well as adenine as a structurally similar control compound.
116 Figure 1g demonstrates that all assayed CKs ameliorate Bc disease outcomes, with the
117 exception of TDZ, a phenylurea-derived artificial cytokinin, which is structurally unrelated
118 to the purine-type cytokinins, though it is known to bind strongly to the Arabidopsis CK
119 receptors AHK3 and AHK4 (Romanov et al., 2006). Adenine, the control compound, has
120 no significant effect on disease progression.

121

122 Increased endogenous CK quantity or sensitivity improves tomato disease outcomes

123 To examine whether endogenous CK levels or response might have a similar effect, WT
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124 and CK tomato mutants were assessed for disease resistance or sensitivity in a similar
125 manner. Figure 2 demonstrates that plants with elevated endogenous levels of CK
126 (pBLS>>IPT7 (Shani et al., 2010) or increased CK sensitivity (€2522 clausa (Bar et al.,
127 2016) have significantly lower disease symptoms with B. cinerea (Figure 2a-e) and n O.
128 neolycopersici (Figure 2g). pFIL>>CKX4 (Shani et al., 2010), which constantly breaks
129 down its endogenous CK, had significantly increased disease levels in both cases (Figure
130 2e,0).

131 Modulating CK levels both exogenously (Figure 1) and endogenously (Figure 2) improved
132 tomato disease outcomes. To examine whether this is a systemic effect, CK was also
133 applied by soil drench to the roots, with similar results in Bc disease resistance in leaves
134 (Figure 2f), indicating that CK affects tomato disease resistance systemically.

135

136 CK disease amelioration is ET and SA dependent- and JA independent

137 It was previously reported that CK influences biotrophic disease resistance through
138 regulation of SA in Arabidopsis (Choi et al., 2010; Naseem et al., 2012; Naseem and
139 Dandekar, 2012). We found here that CK induces resistance to necrotrophic pathogens
140 in tomato. Since JA and ET are known to be involved in the response to necrotrophic
141 pathogens (Thomma et al., 1998), we explored the involvement of SA, JA and ET in the
142 amelioration of disease outcomes by CK, conducting pathogenesis assays in SA, JA and
143 ET signaling/biosynthesis tomato mutants. Figure 3 shows that the SA deficient NahG
144 transgenic line (Brading et al., 2000) (Figure 3b,h,m), and the ET reduced sensitivity
145 mutant Never ripe (Nr) (Lashbrook et al., 1998) (Figure 3d,j,m) have no significant B.
146 cinerea disease amelioration upon CK treatment. However, the JA insensitive jai-1 mutant
147 (Li et al., 2002) responds to CK with disease reduction (Figure 3f,I,m). B. cinerea disease
148 levels in these mutants without CK treatment matched those known in the literature when
149 compared to their background genotypes: a moderate decrease in NahG (Mehari et al.,
150 2015), similar levels in Nr (Mehari et al., 2015), and increased levels in jai-1 (AbuQamar
151 et al., 2008), when compared to the background cultivars (Figure 3m).

152 Our results match the literature for Arabidopsis, demonstrating that CK does not
153 ameliorate Pst disease outcomes in a SA deficient background (Choi et al., 2010).

154

155 Altering CK response changes SA profiles upon pathogen infection
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156 Our results indicated that CK induced pathogen resistance in tomato requires the SA
157 pathway. To examine this further, we quantified SA in mock and CK pretreated tissues,
158 as well as in genotypes with altered CK levels/ response, in B. cinerea infected and
159 uninfected tomato plants. CK pre-treatment caused changes in SA content. However, the
160 baseline levels of SA in genotypes with altered levels of CK or CK sensitivity- resembled
161 those of the background line (Figure 4). B. cinerea inoculation results in a reduction in SA
162 content after 48 hours, External CK pre-treatment or increased endogenous CK
163 sensitivity in the clausa mutant both maintain the SA reduction following Bc inoculation,
164 though to a significantly lesser degree. Endogenously manipulating CK levels in
165 pBLS>>IPT7 or pFIL>>CKX abolishes the reduction of endogenous SA following Bc
166 application. (Figure 4).

167

168 CK induces tomato immunity

169 Our results indicate that tomato pathogen resistance is modulated by both endogenous
170 and exogenous CK, as was previously reported for Pst in Arabidopsis (Choi et al., 2010).
171 Exogenous CK application primes Arabidopsis defense (Albrecht and Argueso, 2017). To
172 examine whether the decrease in fungal disease in the presence of elevated CK levels is
173 paired with increased plant defense in tomato, we tested known hallmarks of immune
174 system activation: ethylene production, ion leakage and ROS. Treating WT M82 plants
175 with exogenous CK results in an increase in ethylene production and conductivity (Figure
176 5 a-b). In addition to 6BAP, we tested kinetin, trans-zeatin, and thiodiazurone (TDZ).
177 Adenine served as a negative control. Kinetin and trans-Zeatin had similar activity as 6-
178 BAP in the activation of plant defenses. TDZ had no effect on ethylene production, and a
179 lower effect on conductivity than the other CKs (Figure 5c¢c-d). Adenine has no significant
180 effect on plantimmune responses. We examined tomato genotypes with altered CK levels
181 or response. Genotypes with elevated CK sensitivity or levels have elevated defense
182 responses: the clausa mutant and the overexpressor of IPT both have elevated basal
183 levels of ethylene when compared with M82 plants, and IPT also has elevated levels of
184 conductivity (Figure 5 e-f). The defense response mutants Nr and jai-1 responded to CK
185 with ethylene production and ion leakage at similar levels to those of their respective
186 background cultivars, Pn and M82 (Figure 6a,b). The SA deficient NahG had reduced

187 ethylene production in response to CK when compared with its background cultivar MM,
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188 and, unlike MM, did not respond to CK with an increase in ion leakage (Figure 6a,b).
189 Baseline defense responses without CK were not significantly different between the
190 mutant genotypes and their background lines (Figure 6a,b).

191 To examine if CK can augment defense responses elicited by a known elicitor of plant
192 defense, we employed Ethylene Inducing Xylanase (EIX), that induces ETI in responsive
193 cultivars (Sharon et al., 1993; Leibman-Markus et al., 2017a; Ron et al., 2000; Elbaz et
194 al., 2002; Bar and Avni, 2009). The combination of CK and EIX induces immunity at
195 greater levels than EIX or CK alone (see also supplemental Figure 1). We observed
196 significant increases in ethylene production above 25uM of 6BAP added to EIX (Figure
197 7a). lon leakage and ROS are also significantly increased with the addition of 6BAP when
198 compared with EIX or CK alone (Figure 7b, supplemental Figure 2a,b). Interestingly, CK-
199 regulated ROS homeostasis has been suggested as a possible mechanism underlying
200 CK activated defense (Albrecht and Argueso, 2017). Kinetin also has a similar enhancing
201 effect on EIX-induced ethylene (Figure 7c, supplemental Figure 1), while all tested CKs
202 effect ion leakage (Figure 7d). Genotypes with elevated CK sensitivity or levels have
203 elevated defense responses: the IPT overexpressor produced more ethylene in response
204 to EIX, while both clausa and IPT had increased ion leakage and ROS production in
205 response to EIX when compared to the background M82 cultivar (Figure 7e,f,
206 Supplemental Figure 2c,d). The CKX overexpressor produced less ethylene in response
207 to EIX.

208

209 To analyze the alterations to tomato gene expression in CK induced immunity, we
210 examined the expression of several known defense genes in response to CK treatment,
211 with and without subsequent pathogen inoculation. CK induces the expression of Pto-
212 interacting 5 (Pti-5, Solyc02g077370), pathogenesis-related proteins (PR1a,
213 Solyc01g106620) and PR-1b (Solyc00g174340), and pathogen induced 1 (PI-1,
214 Solyc01g097270), and reduces the expression of proteinase inhibitor 2 (PI-2,
215 Solyc03g020080) (Figure 8a). The addition of CK prior to B. cinerea inoculation causes a
216 decrease in defense gene expression, correlating with reduced disease (Figure 8b).
217 Positive correlations between B. cinerea disease levels and defense gene expression
218 were reported previously (Harel et al., 2014). The chosen genes are all hallmarks of B.

219 cinerea response. PI-2 and PI-1 are JA responsive and considered ISR (Martinez-Medina
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220 et al.,, 2013; Ament et al., 2004, Iberkleid et al., 2014; Cui et al., 2019). Pti5 is ethylene
221 responsive, though it was found not to require ET,JA or SA for its defensive upregulation
222 (Thara et al., 1999). PR1a is SA responsive and considered SAR (Martinez-Medina et al.,
223 2013; Lopez-Réez et al., 2010). PR1b is upregulated by both SAR and ISR activation (Li
224 et al., 2017; Harel et al., 2014). Distinctions between ISR and SAR are not clear cut in
225 tomato, and they can overlap (Liu et al., 2016; Betsuyaku et al., 2018).

226

227 Examining the expression of defense genes in CK altered genotypes revealed that CK
228 affects defense gene expression endogenously as well, Pti5, PR1b and PI1 being
229 increased in with CK treatment and upon IPT overexpression, while P12 and PR1a are
230 increased upon CKX overexpression (Figure 9a-e). Upon B. cinerea inoculation, PI2,
231 known to correlate with Bc disease levels (Harel et al., 2014), is reduced in IPT and clausa
232 (Figure 9f), while PR1b is increased (Figure 9j). With the exception of PR1a (Figure 9h),
233 clausa behaves like IPT following Bc inoculation, similarly to its disease resistant
234 phenotype (Figure 2).

235

236 Pathogenic processes activate the CK pathway in tomato

237 We demonstrated that pre-treatment with CK and increased endogenous/signaling CK
238 genotypes results in disease resistance in tomato (Figures 1-2). Is this an endogenously
239 employed mechanism in tomato? Do tomato plants activate their CK machinery upon
240 pathogen attack? To answer this question, we examined endogenous modulations to the
241 CK pathway during pathogenesis.

242 During B. cinerea infection, the expression of CK responsive type-A Tomato Response
243 Regulators (TRRsS) increases and the expression of CKX genes is also significantly
244 altered (Figure 10a). 48 hours after Bc inoculation, the amount of active CKs decreases,
245 significantly in the case of trans-Zeatin and iso-Pentenyl-Riboside (Figure 10b). Using the
246 CK response marker TCS (Zurcher et al., 2013; Bar et al., 2016), we determined that the
247 CK pathway is activated upon Bc infection in mature leaf tissue, peaking at 48 hours after
248 inoculation (Figure 10c-d). B. cinerea droplet inoculation causes a specific response in
249 the leaf tissue in contact with the fungus; following the spread of infection and necrosis of
250 the tissues, the CK responsive halo spreads out from the cite of pathogen inoculation

251 (Figure 10d). Mock treated leaves (droplet "inoculation" with infection media) produced
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252 little to no TCS signal (Figure 10c-d).
253

254 CK-requlated PRR presence on endomembrane compartments mediates CK-induced

255 disease resistance

256 How does CK affect immune signalling and disease resistance? Other than the evidence
257 provided here (Figure 3) and by others (Argueso et al., 2012; Choi et al., 2010; Naseem
258 et al., 2012) that SA is required for CK induced immunity, partially through binding of the
259 CK responsive ARR2 to the SA pathway activator TGA3 (Choi et al., 2010), and that
260 phytoalexins can play a part (Grosskinsky et al., 2011)- no additional cellular mechanisms
261 have been reported. Pattern Recognition Receptors, PRRs are the first line of defence
262 and immune-activation in plant cells. Based on the evidence in the literature that CK
263 modulates endocytic trafficking of PIN1 in its regulation of auxin (Marhavy et al., 2011),
264 we were prompted to investigate whether CK may also affect trafficking of immune
265 receptors as a possible mechanism for promoting immune responses and disease
266 resistance. Since we determined that CK enhances EIX-induced immune responses
267 (Figures 7, S1, S2), we examined whether it affects trafficking of the PRR LeEIX2, the
268 EIX receptor (Ron and Avni; Bar and Avni, 2009). As can be seen in Figure 11, CK
269 enhances both the endosomal presence (Figure 11a,k) and vesicular size (Figure 11b,k)
270 of LeEIX2 endosomes, without affecting total cellular content of the protein (Figure 11c).
271 Upon EIX treatment, which enhances endosomal presence (Figure 11d,h) and size
272 (Figure 11e,h) of LeEIX2 in the mock treated samples, as previously reported (Pizarro et
273 al., 2018), there is no further increase with the addition of CK (Figure 11d,e,l), though the
274 level of the receptor in the cell appears to increase slightly with the combination of both
275 treatments (Figure 11f). CK enhances cellular immunity (Figures 5, 8), and LeEIX2
276 presence on endosomes (Figure 11 a-l). LeEIX2 endosomal presence is required for EIX
277 induced immunity (Ron and Avni; Bar and Avni, 2013; Sharfman et al., 2011), which CK
278 enhances (Figure 7). Does this CK-mediated enhancement of PRR endosomal presence
279 act as a mechanism for increased disease resistance? To examine this, we used a
280 SIPRA1A overexpressing line, which was previously shown to have a decreased
281 presence of Receptor Like Protein (RLP)-type PRRs in the cell plasma membrane, due
282 to receptor degradation, along with a reduction in LeEIX2-mediated immune responses
283 (Pizarro et al., 2018). Wild type (WT), 35S driven GFP overexpressing, and 35S driven
10
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SIPRA1A-GFP overexpressing Solanum lycopersicum cv M82 tomato plants were treated
with 100uM 6-Benzyl Amino Purine and infected with B.cinerea 24 hours later. Disease
was assessed 7 days after inoculation. CK pre-treatment significantly decreased B.
cinerea disease levels in WT M82 plants (Figure 11m; see also Figures 1-2), as well as
in plants overexpressing GFP. However, plants overexpressing SIPRA1A, which have
decreased levels of RLP type PRRs, are not responsive to CK, and no reduction in B.
cinerea disease in these plants is observed upon CK treatment (Figure 1m).

11
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294 Discussion

295 Several previous reports have indicated that endogenous and exogenous CK treatment
296 can result in resistance to pathogens (reviewed in (Albrecht and Argueso, 2017). Our work
297 supports the notion that the main mode of action for CK induced pathogen resistance is
298 through induced immunity (Figures 2, 5). In Arabidopsis, cytokinin-treated plants
299 demonstrated upregulation of defense gene expression and callose deposition coupled
300 with decreased pathogen growth (Choi et al., 2010; Argueso et al., 2012). CK treatment
301 alone was also previously shown to induce ethylene biosynthesis (Coenen and Lomax,
302 1998) and PR1a expression (Choi et al., 2010).

303 Here, we show that CK acts systemically to induce immunity to foliar fungal pathogens
304 when applied by soil drench to tomato roots (Figure 2f). CK induces ethylene biosynthesis
305 and ion leakage, both exogenously, using different CK compounds, and endogenously,
306 using CK mutants. CK also induces defense gene expression in tomato (Figures 8-9), as
307 was previously reported for Arabidopsis (Choi et al., 2010; Argueso et al., 2012) and rice
308 (Jiang et al., 2013). Interestingly, the MYB transcription factor mutant clausa, that has
309 increased CK sensitivity and behaves like an overexpression of IPT developmentally (Bar
310 et al.,, 2016), possesses decreased amounts of endogenous CK. Despite decreased
311 endogenous CK, clausa retains the CK protective effect and exhibits increased defense
312 responses (Figure 5) and pathogen resistance (Figure 2), indicating that CK induced
313 immunity is dependent on host signaling pathways. Although variable in steady state,
314 upon B. cinerea infection, the defense gene expression pattern in clausa resembles that
315 of the IPT overexpressing line, in agreement with increased pathogen resistance
316 observed in both genotypes. This demonstrates that defense gene expression in steady
317 state can be uncoupled from subsequent pathogen resistance in genetically primed plants
318 in certain cases, and testifies to the flexibility of host responses.

319

320 Previous results coupled with our work suggest that cytokinin can be viewed as a priming
321 agent, acting to potentiate defense responses (Choi et al., 2010; Argueso et al., 2012).
322 Consistent with the notion that priming agents have a low level, often transient effect on
323 host defense physiology (Conrath et al., 2015), CK induces much lower levels of defense
324 gene expression than B. cinerea (compare Figure 8a to Figure 8b). Interestingly,

325 comparing CK with EIX, a well-known elicitor of plant defense responses, a priming agent,

12
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326 demonstrates that =2 25uM CK induces ethylene biosynthesis to similar levels as EIX,
327 confirming that the plant responds to CK as it would to a priming agent.

328

329 Though mechanisms of action were reported to differ in different host plants (Choi et al.,
330 2010; Grosskinsky et al., 2011; Albrecht and Argueso, 2017), it is generally accepted that,
331 in Arabidopsis, CK induces immunity to biotrophic pathogens through SA dependent
332 pathways. In agreement, our results demonstrate that a functioning SA pathway is
333 required to achieve CK induced pathogen resistance (Figure 3b,h,m). CK was able to
334 induce ethylene biosynthesis, to a lesser level than in the WT, in a SA deficient
335 background (Figure 6a), demonstrating that NahG plants have a low level of CK priming
336 that is significant but insufficient to promote disease resistance. Interestingly, though we
337 have shown that CK induced pathogen resistance requires the SA pathway (Figure 3)
338 absolute SA levels or Bc-mediated SA content reduction do not directly correspond with
339 pathogen resistance (Figure 4), suggesting that CK-mediated pathogen resistance may
340 require additional signaling mechanisms.

341 We also show here that normal ethylene sensitivity is required for CK induced immunity
342 and disease resistance in tomato (Figures 3, 6). Defense responses induced by CK
343 (Figure 6) were compromised in an ethylene sensitivity deficient background. Finally, we
344 found that JA sensitivity is not required for CK induced pathogen resistance (Figures 3,
345 6).

346

347 Distinctions between SAR and ISR are not always clear-cut. Occurrences of overlaps
348 and/or co-activation between these pathways have been previously reported (Liu et al.,
349 2016; Betsuyaku et al., 2018) . Our work suggests that in tomato, CK activates systemic
350 resistance that requires SA signaling (Ryals et al., 1996). This is supported by the fact
351 that CK induced immunity requires a functioning SA pathway. Further support comes from
352 the fact that CK and EIX, an elicitor protein derived from the JA pathway ISR elicitor
353 Trichoderma, (Shoresh et al., 2005), augment the levels of defense elicited by each alone
354 (supplemental Figure 1), indicating that they potentiate plant immunity through separate
355 pathways. However, evidence of overlap between SAR and ISR also exists in the context
356 of CK, with CK activating classical ISR genes (Figure 8a), and requiring ET, though not

357 JA, to induce pathogen resistance (Figure 3). This is perhaps not surprising, given that
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358 CK signaling was reported to be upstream of ethylene in several cases (Zdarska et al.,
359 2015; Robert-Seilaniantz et al., 2011) .

360

361 Our work demonstrates that CK affects internalization of the PRR LeEIX2, which mediates
362 immune responses to the xylanase EIX (Ron and Avni). LeEIX2 was shown to be
363 internalized following ligand application (Ron and Avni), and to require this internalization
364 for a full mounting of defense responses (Bar and Avni, 2009). Interestingly, CK increased
365 both LeEIX2 internalization and EIX mediated defense responses (Figures 7, 11, S1, S2),
366 suggesting that increased internalization could be at least one of the mechanisms
367 underlying the increase in immune responses. Supporting this hypothesis, we found that
368 in the SIPRA1A overexpressing line, in which expression and plasma membrane
369 presence of RLP-type PRRs, including LeEIX2, are greatly reduced (Pizarro et al., 2018),
370 CKis no longer able to mediate resistance to B. cinerea, suggesting that it requires normal
371 levels of PRRs to do so.

372

373 Cytokinin-based direct regulation of receptor endocytosis has been shown for PIN1
374 (Marhavy et al., 2011), where the authors determined that this endocytic regulation is a
375 specific mechanism to rapidly modulate the auxin distribution in cytokinin-mediated
376 developmental processes, through a branch of the cytokinin signaling pathway that does
377 not involve transcriptional regulation. Therefore, in addition to regulating immunity and
378 diseases resistance through the SA pathway, CK may regulate endocytic trafficking
379 independent of transcriptional regulation, accounting for the rapid plant response.

380

381 To the best of our knowledge, our work is the first one reporting that CK induces resistance
382 to B. cinerea and O. neolycopersici in tomato. This also points to an overlap between SAR
383 and ISR in the case of CK induced immunity, as the host plant requires JA signaling to
384 resist necrotrophic pathogens such as B. cinerea (Thomma et al., 1998; Durrant and
385 Dong, 2004; Liu et al., 2016) (see also Figure 3f,m), yet CK is able to prime this resistance.
386 Our work contradicts results achieved in tobacco (Grosskinsky et al., 2011), a
387 solanaceous host, in two respects: first, SA signaling was found not to be required for CK
388 induced immunity to Pst and, second, CK was found not to induce resistance to B. cinerea.

389 In that work, the authors found significant roles for the phytoalexins scopoletin and
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390 capsidiol in CK induced immunity to Pst in tobacco; the lack of SA pathway requirement
391 in that particular system, could be attributed to the time-course of infection and
392 phytolaexin production (Albrecht and Argueso, 2017). The lack of protectant effect for CK
393 against B. cinerea in tobacco may stem from different host biology, though more likely, it
394 originates in differences in experimental design.

395

396 Why does CK induce immunity in plants? Are classical developmental hormones also
397 "defense" hormones, or is CK induced immunity attributable to hormonal crosstalk? The
398 swiftness of CK-induced immune processes seems to indicate that CK action is relatively
399 "direct” (see Figures 5,7), and supports the idea of regulation of PRR trafficking as one of
400 the underlying mechanisms. In developmental contexts, CK can be viewed as a
401 “juvenility” factor, promoting meristem maintenance and morphogenetic processes, and
402 delaying differentiation and senescence (Gordon et al., 2009; Kurakawa et al., 2007).
403 Simplistically, could senescence-like processes activated by pathogen derived tissue
404 destruction in both biotrophic and necrotrophic infections make it evolutionarily
405 economical for the plant to adapt those pathways for use in the war against pathogens,
406 by recognizing levels of self-CK as a signal to activate immunity? Certainly, delayed
407 senescence/ enhanced juvenility can correlate with increased pathogen resistance
408 (Pogany et al., 2004; Grosskinsky et al., 2011). It is worth nothing that, although CK
409 signaling it is not normally active in mature, differentiated tissue such as a mature tomato
410 leaf (Farber et al., 2016; Shani et al., 2010), upon pathogen attack, the CK system is
411 activated (see Figure 10), suggesting that CK defensive function could be spatio-
412 temporally regulated. CK signaling outside of a defined developmental window in specific
413 tissues could facilitate the translation of CK into a defense signal. Thus, it would seem
414 that the previously accepted paradigm, that pathogenesis processes cause a shunting of
415 available plant resources towards immunity, shutting off growth programs to divert all
416 available resources towards defense (Karasov et al., 2017; Berens et al., 2017), can be
417 updated to reflect that some "developmental programs" are not shut off but rather,
418 modified and appropriated for defense purposes.

419
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434

435 Materials and Methods

436 Plant materials and growth conditions

437 Seeds of the S. lycopersicum cultivar M82 were used throughout the study. Tomato
438 mutant and transgenic lines, which were employed in the assays were as follows: seeds
439 of the increased CK: pBLS>>IPT7, decreased CK: pFIL>>CKX4, increased CK sensitivity:
440 clausa (e2522), and JA insensitive jai-1, all in an M82 background, were obtained from
441 Prof. Naomi Ori, the Hebrew University of Jerusalem (Shani et al., 2010; Bar et al., 2016).
442 Seeds of the decreased SA: NahG and its parental WT Moneymaker, decreased ethylene
443 sensitivity: never ripe (Nr) and its parental WT Pearson were obtained from Prof. Yigal
444 Elad (Mehari et al., 2015). Plants were grown from seeds in soil (Green Mix; Even-Ari,
445 Ashdod, Israel) in a growth chamber, under long day conditions (16 hr:8 hr, light:dark) at
446 24°C.

447

448 Cytokinins treatments

449 Cytokinin (CK) (6-benzyl aminopurine: BAP) (Sigma-Aldrich) was sprayed onto 4-5 week-
450 old plants, or soil drenched onto the roots (100ml 15cm* diameter pot). BAP solutions
451 were prepared from a stock in 1uM NaOH, and diluted into an aqueous solution to the

452 desired BA concentration, with the addition of Tween 20 (100ul I'Y). Mock plants were
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453 sprayed or soil-drenched with the aforementioned solution of NaOH with Tween20. The
454 CK analogs kinetin (6-Furfurylaminopurine riboside), trans-zeatin [6-(4-hydroxy-3-
455 methylbut-2-enylamino) purine] and thidiazuron (TDZ), as well as the control adenine (all
456 from Sigma-Aldrich) were prepared in 1JuM NaOH (kinetin and zeatin), 1M HCI (adenine)
457 and 100 % dimethyl sulfoxide (thidiazuron). Pathogen inoculations were carried our 24
458 hours after spray treatments and 3 days after soil drench, as detailed above.

459

460 Pathogen infection and disease monitoring

461 Pathogenesis assays were conducted both on whole plants (Figure 1, 2g, 4, 8, 9, 10) and
462 on detached leaves (Figure 1g, 2, 3, 11). For disease assays conducted on whole plants,
463 inoculation was conducted as described below, and, as indicated, leaflets were
464 photographed on the plant 5-10 days post inoculation (Figure 1f-h, 2f), or removed and
465 immediately photographed (Figures 1a-e, 10c-d). For gene expression analyses (Figures
466 8, 9, 10a), leaf tissue (1 cm diameter around the inoculation site) was removed 24 hours
467 after inoculation and immediately processed for RNA/ cDNA preparation and gRT-PCR
468 analyses (see below). For metabolomic analyses (Figures 4, 10b), leaf tissue (entire
469 spray-inoculated leaflets) was removed 48 hours after inoculation and immediately
470 processed for hormone extraction (see below).

471 B. cinerea (isolate Bcl16) cultures were maintained on potato dextrose agar (PDA) (Difco
472 Lab) plates and incubated at 22 °C for 5-7 days. B. cinerea spores were harvested in 1
473 mg mLglucose and 1 mg mL?! KoHPO4 and filtered through cheesecloth. Spore
474 concentration was adjusted to 10® spores mlt using a hemocytometer. Each tomato
475 leaflet was either spray inoculated with the spore suspension, or inoculated with two
476 droplets of 10 ul spore suspension- as indicated.

477 O. neolycopersici was isolated from young leaves of tomato plants grown in a
478 commercial greenhouse. Conidia of O. neolycopersici were collected by rinsing infected
479 leaves with sterile water. Concentrations of these conidial suspensions were determined
480 under a light microscope using a hemocytometer. The conidia suspensions were adjusted
481 to 10* mlI'* and then sprayed onto plants at 5 mL per plant. All suspensions were sprayed
482 within 10 to 15 minutes of the initial conidia collection. Suspensions were applied with a
483 hand-held spray bottle and plants were left to dry in an open greenhouse for up to 30

484 minutes.
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485 Inoculated plants were kept in a temperature controlled growth chamber at 22°C, and
486 inoculated excised leaves were kept in a humid growth chamber at 22°C. Controls
487 consisted of plants or leaves treated with water/buffer without pathogen inoculation. The
488 area of the necrotic lesions or % of infected leaf tissue was measured five to ten days
489 post inoculation using ImageJ.

490

491 Plant immunity assays

492 Immunity assays (Figures 5-7, S1, S2) were conducted on leaf discs from indicated
493 genotypes.

494 Ethylene measurement

495 Ethylene production was measured as previously described (Leibman-Markus et al.,
496 2017a). Leaf discs 0.9 cm in diameter were harvested from indicated genotypes, and
497 average weight was measured for each plant. Discs were washed in water for 1-2 h for
498 EIX and steady state assays or incubated for 3-4 h in different concentration of CK. Every
499 six discs were sealed in a 10 mL flask containing 1 ml assay medium (with or without 1
500 pug mit EIX or with or without CK) for 4 h (for EIX) or overnight (for CK) at room
501 temperature. Ethylene production was measured by gas chromatography (Varian 3350,
502 Varian, California, USA).

503 Conductivity measurement

504 Leaf discs 0.9 cm in diameter were harvested from indicated genotypes. Discs were
505 washed in a 50 ml water tube for 3 h. Every five discs were floated in a 12-well plate
506 containing 1 ml of water, with or without 1 ug mlt EIX or with or without CK, adaxial
507 surface down, at room temperature with agitation. Conductivity was measured in the water
508 solution after 40 h of incubation using an conductivity meter (EUTECH instrument
509 con510).

510 Measurement of ROS generation

511 ROS measurement was measured as previously described (Leibman-Markus et al.,
512 2017Db). Leaf discs 0.5 cm in diameter were harvested from indicated genotypes. Discs
513 were floated in a white 96-well plate (SPL Life Sciences, Korea) containing 250 ul distilled
514 water for 4—6 h at room temperature. After incubation, water with and without different
515 concentrations of CK and its analogs was removed and a ROS measurement reaction

516 containing either 1 ug mi-* EIX or water (mock) was added. Light emission was measured
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517 immediately and over indicated time using a luminometer (Turner BioSystems Veritas,
518 California, USA).
519

520 RNA extraction and gRT-PCR

521 Plant total RNA was extracted from tomato plants 24 hours after B. cinerea inoculation

522 using Tri reagent (Sigma-Aldrich) according to the manufacturer’s instructions. RNA was
523 isolated from plants infected as indicated (whole plant assays). RNA (3ug) was converted
524 to first strand cDNA synthesis using reverse transcriptase (Promega, United States) and
525 oligodT 5. gRT-PCR was performed according to the Power SYBR Green Master Mix
526 protocol (Life Technologies, Thermo Fisher, United States), using a Rotor-Gene Q
527 machine (Qiagen). Supplemental Table 1 lists the specific primers used in this work.
528 Relative expression quantification was calculated using copy number method for gene
529 expression experiments (D’haene et al.,, 2010). The housekeeping gene coding for
530 ribosomal protein RPL8 (accession number Solyc10g006580) was used for the
531 normalization of gene expression in all analyses.

532

533 Phytohormone analysis

534 Hormone extraction was performed according to (Shaya et al., 2019). Plants were
535 inoculated with B. cinerea as described above. 48 hours after inoculation, entire leaflets
536 were harvested from the inoculated plants. Phytohormones were quantified in the
537 harvested tissue. Briefly, frozen tissue was ground to a fine powder using a mortar and
538 pestle. 200-450 mg powder was transferred to a 2ml tube containing 1ml extraction
539 solvent (ES) mixture (79% IPA: 20% MeOH: 1% acetic acid) supplemented with 20ng of
540 each deuterium-labelled internal standard (IS, Olomouc, Czech Republic). The tubes
541 were incubated for 60min at 4°C with rapid shaking and centrifuged at 14,000g for 15min
542 at 4°C. The supernatant was collected and transferred to 2mL tubes. 0.5ml of ES was
543 added to the pellet and the extraction steps were repeated twice. The combined extracts
544 were evaporated using speed-vac at RT. Dried samples were dissolved in 200ul 50%
545 methanol and filtered with 0.22um cellulose syringe filter. 5-10uL were injected for each
546 analysis. LC-MS-MS analyses were conducted using a UPLC-TripleQuadrupoleMS
547 (WatersXevo TQMS). Separation was performed on Waters Acuity UPLC BEH C18 1.7um
548 2.1x100mm column with a VanGuard precolumn (BEH C18 1.7um 2.1x5mm). The mobile
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549 phase consisted of water (phase A) and acetonitrile (phase B), both containing 0.1%
550 formic acid in the gradient elution mode. The flow rate was 0.3ml/min, and the column
551 temperature was kept at 35 °C. Acquisition of LC-MS data was performed using
552 MassLynx V4.1 software (Waters). Quantification was done using isotope-labeled internal
553 standards (IS). Solvent gradients and MS-MS parameters are detailed in supplemental
554 Table 2.

555

556 Imaging of CK—response synthetic promoter pTCS:3XVENUS

557 Tomato plants expressing the synthetic promoter pTCS:3XVENUS (Bar et al., 2016;
558 Zurcher et al., 2013) were spot inoculated with B. cinerea and kept at 22°C under long
559 day conditions (16 h light/8 h dark) for 1 to 3 days. VENUS expression was analyzed using
560 a Nikon SMZ-25 stereomicroscope equipped with a Nikon-D2 camera and NIS elements
561 v5.11 software. ImageJ software was used for analysis and quantification of captured
562 images.

563

564 Trafficking imaging and analysis

565 N. benthamiana epidermal cells transiently expressing LeEIX2-GFP were infiltrated with
566 BAP 100nM, BAP 100 uM or Mock (distilled water with 0.2% Tween). Leaf discs of 1cm
567 diameter from the different conditions (6 hours after infiltration) were treated with EIX
568 (Img/mL) for 5 minutes and live cell imaging was conducted. A total of 8 plants per
569 treatment were studied in three separate experiments. Confocal microscopy images were
570 acquired using a Zeiss LSM780 confocal microscope system with a C-Apochromat
571 40%/1.2 W Corr M27 Objective. GFP images were acquired using a of 488 nm excitation
572 laser (3% power), with the emission collected in the range of 493-535 nm. Images of 8
573 bits and 1024 x 1024 pixels were acquired using a pixel dwell time of 1.27, pixel averaging
574 of 8, and pinhole of 1 airy unit. Image analysis (21-38 images per treatment) was
575 conducted with Fiji-imageJ using the raw images and the 3D object counter tool for
576 guantifying endosome numbers, and the measurement analysis tool for quantifying pixel
577 intensity (Schindelin et al., 2012).

578

579 Statistical Analyses
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All data is presented as average +SEM. Differences between two groups were analyzed
for statistical significance using a two-tailed t-test. Differences among three groups or
more were analyzed for statistical significance with a one-way ANOVA. Regular ANOVA
was used for groups with equal variances, and Welch's ANOVA for groups with unequal
variances. When a significant result for a group in an ANOVA was returned, significance
in differences between the means of different samples in the group were assessed using
a post-hoc test. Tukey was employed for samples with equal variances when the mean
of each sample was compared to the mean of every other sample. Bonferroni was
employed for samples with equal variances when the mean of each sample was
compared to the mean of a control sample. Dunnett was employed for samples with

unequal variances. All statistical analyses were conducted using Prism8™,

Supplemental data files

Supplemental Figures 1-2

Supplemental Figure 1: Comparison of cytokinin (CK) induced immunity and Ethylene
Inducing Xylanase (EIX)+CK induced immunity.

Supplemental Figure 2: Cytokinin (CK) and Ethylene Inducing Xylanase (EIX) induce

iImmune responses through separate pathways- ROS production.

Supplemental tables 1-2
Supplemental table 1: gPCR primers used in this work.
Supplemental table 2: Solvent gradients and MS-MS parameters for hormone

quantification.
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Figure legends

Figure 1

CK reduces disease symptoms of necrotophic and biotrophic fungi in tomato
(a)-(f) S.lycopersicum cv M82 plants were spray-treated with indicated concentrations of
6-Benzylaminopurine (6-BAP) dissolved in 1JuM NaOH, and inoculated with 10 ul of B.
cinerea spore solution (10° spores mlt) 24 hours later. Bar, 1cm.

(f) Lesion area was measured on whole plants 5-7 days after B. cinerea inoculation using
ImageJ.

(9) S.lycopersicum cv M82 leaves were treated with 100uM of indicated CK compounds
or the control adenine, and, after 24 hours, detached from the plant and inoculated with
10 ul of B. cinerea spore solution (108 spores ml'). Lesion area was measured 5-7 days
after B. cinerea inoculation using ImageJ. Similar disease levels were achieved with
B.cinerea on whole plants (f) and detached leaves (Q).

(h) S.lycopersicum cv M82 plants were treated with indicated concentrations of 6-BAP
and spray inoculated with O. neolycopersici (10* ml* spores) 24 hours later. Leaf
disease coverage was calculated ten days after O. neolycopersici inoculation.

In all cases, plants treated with 1 uM NaOH were used as mock.

Graphs represent the results of at least 4 independent experiments £SEM. Results were
analyzed for statistical significance using one-way ANOVA with a Dunnett post hoc test.
Different letters indicate statistically significant differences. (f) N>40, p<0.0001. (g) N>30,
p<0.0001. (h) N>9, p<0.0001.

Figure 2

CK induced disease resistance in tomato depends on host signaling

(a)-(e): pBLS>>IPT7 (increased cytokinin content transgenic line), clausa (increased
cytokinin-sensitivity mutant), and pFIL>>CKX4 (reduced cytokinin content transgenic line)
plants, all in a S.lycopersicum cv M82 background, were sprayed with 100 uM 6-
Benzylaminopurine (6-BAP) dissolved in 1uM NaOH 24 hours before application of al0
ul of B. cinerea (Bc) spore solution (10° spores ml?). Bar, 1 cm (e) Lesion area was

measured 5-7 days after inoculation using ImageJ.
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(f) S.lycopersicum cv M82 plants were soil drenched with 100 uM 6-BAP dissolved in 1uM
NaOH or with 100 uM Adenine, and inoculated with 10 ul Bc spore solution (10® spores
mlY). Lesion area was measured 5-7 days after Bc inoculation using ImageJ.

(g) S.lycopersicum cv M82 plants were sprayed with O. neolycopersici (10* ml* spores)
24 hours after 100 uM 6-BAP treatment. Leaf disease coverage was calculated ten days
after O. neolycopersici inoculation using ImageJ.

In all cases, plants treated with 1 uM NaOH were used as mock. Graphs represent the
results of 3-6 independent experiments +SEM. Results were analyzed for statistical
significance using one-way ANOVA with a Dunnett post hoc test. Different letters indicate
statistically significant differences. (e) N>32, p<0.0001. (f) N>40, p<0.0001. (g) N>10,
p<0.0001.

Figure 3

Cytokinin induced disease resistance requires salicylic acid (SA) and ethylene (ET),
but not jasmonic acid (JA) signaling

(a)-(m): Leaves of the SA deficient NahG and its background line Moneymaker (MM), the
Ethylene insensitive Never-Ripe (Nr) and its background line Pearson (Pn), and the
Jasmonate insensitive (jai-1) and its background M82, were spray treated with 100uM
cytokinin (CK; 6- benzylaminopurine, 6BAP) dissolved in 1uM NaOH, and, after 24 hours,
detached from the plant and inoculated with 10 ul of B. cinerea (Bc) spore solution (10°
spores ml?).

(m) Lesion area was measured 5-7 days after inoculation using ImageJ. Plants treated
with 1 uM NaOH were used as mock. (m) Graph represents 3-5 independent experiments,
N>17 +SEM. Results were analyzed for statistical significance using one-way ANOVA
with a Dunnett post hoc test, p<0.0001; *p<0.05; **p<0.01; ****p<0.0001. .

Figure 4

Salicylic acid (SA) content does not directly correlate with cytokinin induced
disease resistance

Levels of SA in the indicated genotypes, all in the M82 background, in mock (1 uM NaOH)
or CK (100uM 6-Benzylaminopurine, dissolved in 1 uM NaOH) treated plants, and 48
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hours after B. cinerea (Bc) inoculation, were quantified using LC—MS-MS. Average +SEM
presented in all cases, N=3-9. Asterisks and different letters indicate significance in a one-
way ANOVA with a Tukey post hoc test, p<0.0001. Asterisks indicate significance in the
reduction in SA content 48 hours after Bc inoculation. Lower case letters in the white bars
indicate significant differences in the SA levels in mock plants. Lower case tagged letters
in the black bars indicate significant differences in the SA levels in the different genotypes
following Bc inoculation. All assays were conducted on intact plants, with leaves

harvested for processing and analysis 48 hours after Bc inoculation.

Figure 5
Cytokinin induces immune responses in tomato

(a)-(b) S.lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) dissolved in 1uM NaOH. (c)-(d) S.lycopersicum cv M82
leaves were treated with 100uM of indicated CK compounds or the control adenine. (e)-
() Leaves of the increased CK transgene pBLS>>IPT7, the increased CK-sensitivity
mutant clausa e2522, and the reduced CK content transgenic line pFIL>>CKX4, all in a
S.lycopersicum cv M82 background, were assayed untreated. All assays were conducted
on leaf discs as detailed in the materials section. (a,c,e) Ethylene production was
measured using gas-chromatography. Averagex SEM of 5 independent experiments is
presented, N>8. Different letters represent statistical significance in a two tailed t-test,
p<0.039. (b,d,f) Conductivity levels of samples immersed in water for 40 h was measured.
Average + SEM of 4 independent experiments is presented, N>7. Letters represent

statistical significance in a two tailed t-test, p<0.044.

Figure 6

Cytokinin induced immunity is altered in salicylic acid (SA) deficient, ethylene (ET)
insensitive and jasmonic acid (JA) insensitive mutants

Leaves of the SA deficient line NahG and its background line Moneymaker (MM), the
Ethylene insensitive line Never-Ripe (Nr) and its background line Pearson (Pn), and the
Jasmonate insensitive mutant jai-1 and its background M82, were treated with 100uM
6BAP.
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(a) Ethylene production was measured using gas-chromatography. Average + SEM of 4
independent experiments is presented, N>8. Results were analyzed for significance in
one-way ANOVA with a Tukey post hoc test, p<0.0062. Asterisks represent significance
for the effect of CK within a genotype analyzed using a two-tailed t-test, *p<0.05, **p<0.01,
****n<0.0001. Lower case letters represent significant differences in baseline ethylene
levels in the different genotypes, p<0.032. Upper case letters represent significant
differences in ethylene production in response to CK between genotypes, p<0.0002.

(b) Conductivity levels of samples immersed in water for 40 h was measured. Average +
SEM of 3 independent experiments is presented, N>7. Results were analyzed for
statistical significance in one-way ANOVA with a Dunnett post hoc test, p<0.0001.
Asterisks represent significance for the effect of CK within a genotype analyzed using a
two-tailed t-test, *p<0.05, **p<0.01, ****p<0.0001. Lower case letters represent significant
differences in baseline conductivity levels in the different genotypes, p<0.043. Upper case
letters represent significant differences in ethylene production in response to CK,
p<0.037.

Figure 7

Cytokinin and Ethylene Inducing Xylanase (EIX) induce immune responses
through separate pathways

(a)-(b) S. lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) dissolved in 1uM NaOH and 1 ug /mL EIX.

(c)-(d) S. lycopersicum cv M82 leaves were treated with 100uM of indicated cytokinin (CK)
compounds or the control adenine, and 1 ug/mL EIX.

(e)-(f) Leaves of the increased CK transgene pBLS>>IPT7, the increased CK-sensitivity
mutant clausa e2522, and the reduced CK content transgene pFIL>>CKX4, all in a S.
lycopersicum cv M82 background, were treated with 1 ug/mL EIX.

(a,c,e) Ethylene production was measured using gas-chromatography. Presented values
are normalized to M82 mock average. Averaget+ SEM of 5 independent experiments is
presented, N>10. Asterisks represent statistical significance in a two tailed t-test (*p
<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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(b,d,f) Conductivity levels of samples immersed in water for 40 h was measured. Average
+ SEM of 4 independent experiments is presented, N>8. Asterisks represent statistical

significance in a two tailed t-test (*p<0.05, **p<0.01, **p<0.001).

Figure 8

Cytokinin induces defense gene expression as a stand alone treatment and
reduces defense gene expression following B. cinerea infection

(a) Gene expression analysis of defense genes in M82 mock and cytokinin (100uM 6-
BAP) treated plants was measured by qRT-PCR. Relative expression normalized to
mock. Plants treated with 1 uM NaOH were used as mock. The expression of RPL8 was

used as an internal control. Average+ SEM of 4 independent experiments is shown, N>9.

(b) Gene expression analysis of defense genes in mock and CK (100uM 6BAP) treated
B. cinerea (Bc) infected plants was measured by gRT-PCR in samples harvested 24 hours
after Bc inoculation. Plants treated with 1 uM NaOH were used as mock. The expression
of RPL8 was used as an internal control. Relative expression normalized to untreated
mock. Average + SEM of 4 independent experiments is shown, N>10. Results for (a) and
(b) were analyzed for statistical significance in one-way ANOVA with a Dunnett post hoc
test, p<0.0001 in both cases. Asterisks represent statistical significance in a two-tailed t-

test comparing each gene (*p<0.05; **p<0.01; ***p<0.001).

Figure 9

Defense gene expression in altered cytokinin genotypes in steady-state and
following B. cinerea infection

Gene expression analysis of defense genes in the increased CK transgenic line
pBLS>>IPT7, the increased CK-sensitivity mutant clausa e2522, and the reduced CK
content transgenic line pFIL>>CKX4, as well as in M82 treated with 100uM 6BAP, in
steady state (a-e) and following B. cinerea (Bc) infection in samples harvested 24 hours
after pathogen inoculation (f-j), was measured by qRT-PCR. (a,f) proteinase inhibitor 2
(P12); (b,g) Pto-interacting 5 (Pti5); (c,h) pathogenesis-related proteins (PR1a); (d,i) PR1b;
(e,)) pathogen induced 1 (PI1) genes. All samples normalized to M82 levels in steady-

state. Average + SEM of 3-5 independent experiments is shown, N>6. The expression of
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RPL8 was used as an internal control. Different letters represent statistical significance in

a two-tailed t-test comparing each gene among all genotypes (p<0.04).

Figure 10

Pathogen infection induces host cytokinin response

(a) Gene expression analysis of cytokinin (CK) responsive genes in M82 mock (M) and
B. cinerea (Bc) infected samples 24h after inoculation was measured by qRT-PCR. Plants
treated with 1 uM NaOH were used as mock. Relative expression normalized to mock.
Average + SEM of 3 independent experiments is shown, N=6-15. Asterisks represent
statistical significance in a two-tailed t-test (*p<0.05; ***p<0.001).

(b) LC/MS quantification of the active CKs trans-zeatin (t-Z), iso-pentenyl (iP) and iso-
pentenyl-riboside (iPR) 24 hours after Bc inoculation. Plants treated with 1 uM NaOH were
used as mock. Average + SEM is shown, N=3-6. Asterisks represent statistical
significance in a one-way ANOVA test with a Bonferroni post hoc test, p<0.0001 (*p<0.05,
**p<0.01).

(c-d) Stereomicroscope analysis of pTCS::3XVENUS expression surrounding Bc
inoculation site at indicated time points post droplet inoculation. Plants treated with 1 uM
NaOH were used as mock. (c) Fluorescence quantified using ImageJ, averagex SEM of
3 independent experiments is shown, N=4-15. Asterisks represent statistical significance
in a two-tailed t-test (*p<0.01; ***p<0.001, ****p<0.0001). (d) Representative images

shown, bar=250um.

Figure 11

Cytokinin enhances cellular trafficking of the PRR LeEIX2

N. benthamiana epidermal cells transiently expressing LeEIX2-GFP were treated with CK
or Mock as indicated (a-l), and subsequently treated with 1mg/mL EIX (d-f,h,j,l) for 5
minutes, followed by live cell imaging.

(a-f) Graphs depicting the analysis of confocal microscope images acquired using a Zeiss
LSM780 confocal microscope system with a C-Apochromat 40x/1.2 W Corr M27
Objective, using a 488 nm excitation laser (3% power, 493-535 nm emission range).

(g-1) Representative images taken from the membrane/endosomal plane, bar=10um.
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(a-c,g-k) Effect of CK (6BAP, concentrations as indicated) on endosomal presence (a,g-
k) vesicular size (b,g-k), and total GFP cellular content of LeEIX2 (c).

(d-f,h-I) Effect of the combination of CK and EIX (1mg/mL) on endosomal presence (d,h-
), vesicular size (e,h-l) and total GFP cellular content of LeEIX2 (f).

Image analysis (21-38 images per treatment) was conducted with Fiji-lmageJ using the
raw images and the 3D object counter tool for quantifying endosome numbers and size,
and the measurement analysis tool for quantifying pixel intensity. Graphs represent
average +tSEM, N>20 per treatment. Statistical significance was determined in a one-way
ANOVA with a Dunnett post hoc test, p=0.0005 (a), p<0.0001 (b,d,e), p=0.26 (c), p=0.056
(f). Asterisks (a-c) represent statistically significant differences from the mock treatment
(**p<0.01, ****p<0.0001). Letters (d-f) represent statistically significant differences
between samples (p<0.038 where different letters are indicated).

(m) S.lycopersicum cv M82 plants, WT or expressing GFP or SIPRA1A, both driven by
the 35S promoter, were spray-treated with 100uM 6-Benzylaminopurine (6-BAP)
dissolved in 1uM NaOH, and inoculated with 10 ul of B. cinerea spore solution (10° spores
mlt) 24 hours later. Lesion area was measured 7 days after B. cinerea inoculation using
ImageJ. Graph represents the results of 4 independent experiments +SEM, N>20 for each
genotype/ treatment combination. Results were analyzed for statistical significance using
one-way ANOVA with a Bonferroni post hoc test, p<0.0001. Asterisks indicate statistically
significant differences between Mock and CK treatment, letters indicate statistically

significant differences in a two-tailed t-test conducted among mock samples only.

Supplemental Figure 1

Comparison of cytokinin (CK) induced immunity and Ethylene Inducing Xylanase
(EIX)+CK induced immunity.

(@) S. lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) or (b) with 100uM of different CK compounds or the control
adenine, alone (white bars) or with the addition of 1 pg/mL EIX (black bars). Ethylene
production was measured using gas-chromatography. Presented values are normalized
to M82 mock average (NC). (a) Average + SEM of 5 independent experiments is

presented, N>8. . (b) Average + SEM of 4 independent experiments is presented, N>12.
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Asterisks represent statistical significance in a two tailed t-test (*p <0.05, **p<0.01,
***n<0.001, ****p<0.0001).

Supplemental Figure 2

Cytokinin (CK) and Ethylene Inducing Xylanase (EIX) induce immune responses

through separate pathways- ROS production

(a)-(b) S. lycopersicum cv M82 leaves were treated with 100uM 6-Benzylaminopurine
(6-BAP) and 1 pg/mL EIX. (c)-(d) Leaves of the increased cytokinin (CK) transgene
pBLS>>IPT7, the increased CK-sensitivity mutant clausa e2522, and the reduced CK
content transgene pFIL>>CKX4, all in a S. lycopersicum cv M82 background, were
treated with 1 pg/mL EIX. ROS production was measured every 5 minutes immediately
after EIX application for 90 minutes using the HRP-luminol method. Average + SEM of 4
independent experiments is shown, N=48. Asterisks represent statistical significance in
a two-way ANOVA with a Bonferroni post hoc test, p<0.01. Inset shows total ROS
production. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 1

Cytokinin reduces disease symptoms of necrotophic and biotrophic fungi in tomato
(a)-(f) S.lycopersicum cv M82 plants were spray-treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) dissolved in 1luM NaOH, and inoculated with 10 ul of B. cinerea
spore solution (10° spores mlt) 24 hours later. Bar, 1cm.

(f) Lesion area was measured on whole plants 5-7 days after B. cinerea inoculation using
ImageJ.

(9) S.lycopersicum cv M82 leaves were treated with 100uM of indicated CK compounds or
the control adenine, and, after 24 hours, detached from the plant and inoculated with 10 ul of
B. cinerea spore solution (10° spores ml'). Lesion area was measured 5-7 days after B.
cinerea inoculation using ImageJ. Similar disease levels were achieved with B.cinerea on
whole plants (f) and detached leaves ().

(h) S.lycopersicum cv M82 plants were treated with indicated concentrations of 6-BAP and
spray inoculated with O. neolycopersici (10* ml* spores) 24 hours later. Leaf disease
coverage was calculated ten days after O. neolycopersici inoculation.

In all cases, plants treated with 1 uM NaOH were used as mock.

Graphs represent the results of at least 4 independent experiments +tSEM. Results were
analyzed for statistical significance using one-way ANOVA with a Dunnett post hoc test.
Different letters indicate statistically significant differences. (f) N>40, p<0.0001. (g) N>30,
p<0.0001. (h) N>9, p<0.0001.
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Figure 2

Cytokinin induced disease resistance in tomato depends on host signaling

(a)-(e): pBLS>>IPT7 (increased cytokinin content transgenic line), clausa (increased
cytokinin-sensitivity mutant), and pFIL>>CKX4 (reduced cytokinin content transgenic line)
plants, all in a S.lycopersicum cv M82 background, were sprayed with 100 uM 6-
Benzylaminopurine (6-BAP) dissolved in 21uM NaOH 24 hours before application of al0
ul of B. cinerea (Bc) spore solution (10° spores ml?). Bar, 1 cm (e) Lesion area was
measured 5-7 days after inoculation using ImageJ.

(f) S.lycopersicum cv M82 plants were soil drenched with 100 uM 6-BAP dissolved in 1uM
NaOH or with 100 uM Adenine, and inoculated with 10 ul Bc spore solution (10° spores
mlt). Lesion area was measured 5-7 days after Bc inoculation using ImageJ.

(9) S.lycopersicum cv M82 plants were sprayed with O. neolycopersici (10* ml** spores)
24 hours after 100 uM 6-BAP treatment. Leaf disease coverage was calculated ten days
after O. neolycopersici inoculation using ImageJ.

In all cases, plants treated with 1 uM NaOH were used as mock. Graphs represent the
results of 3-6 independent experiments £+SEM. Results were analyzed for statistical
significance using one-way ANOVA with a Dunnett post hoc test. Different letters indicate
statistically significant differences. (e) N>32, p<0.0001. (f) N>40, p<0.0001. (g) N>10,
p<0.0001.
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Figure 3

Cytokinin induced disease resistance requires salicylic acid (SA) and ethylene (ET),
but not jasmonic acid (JA) signaling

(a)-(m): Leaves of the SA deficient NahG and its background line Moneymaker (MM), the
Ethylene insensitive Never-Ripe (Nr) and its background line Pearson (Pn), and the
Jasmonate insensitive (jai-1) and its background M82, were spray treated with 100uM
cytokinin (CK; 6- benzylaminopurine, 6BAP) dissolved in 1uM NaOH, and, after 24 hours,
detached from the plant and inoculated with 10 ul of B. cinerea (Bc) spore solution (10°
spores ml?).

(m) Lesion area was measured 5-7 days after inoculation using ImageJ. Plants treated
with 1 uM NaOH were used as mock. (m) Graph represents 3-5 independent experiments,
N>17 +SEM. Results were analyzed for statistical significance using one-way ANOVA
with a Dunnett post hoc test, p<0.0001; *p<0.05; **p<0.01; ****p<0.0001.
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Figure 4

Salicylic acid (SA) content does not directly correlate with cytokinin induced
disease resistance

Levels of SA in the indicated genotypes, all in the M82 background, in mock (1 uM NaOH)
or CK (100uM 6-Benzylaminopurine, dissolved in 1 uM NaOH) treated plants, and 48
hours after B. cinerea (Bc) inoculation, were quantified using LC—MS-MS. Average +SEM
presented in all cases, N=3-9. Asterisks and different letters indicate significance in a one-
way ANOVA with a Tukey post hoc test, p<0.0001. Asterisks indicate significance in the
reduction in SA content 48 hours after Bc inoculation. Lower case letters in the white bars
indicate significant differences in the SA levels in mock plants. Lower case tagged letters
in the black bars indicate significant differences in the SA levels in the different genotypes
following Bc inoculation. All assays were conducted on intact plants, with leaves
harvested for processing and analysis 48 hours after Bc inoculation.
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Figure 5

Cytokinin induces immune responses in tomato

(a)-(b) S.lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) dissolved in 1uM NaOH. (c)-(d) S.lycopersicum cv M82
leaves were treated with 100uM of indicated CK compounds or the control adenine. (e)-
() Leaves of the increased CK transgene pBLS>>IPT7, the increased CK-sensitivity
mutant clausa e2522, and the reduced CK content transgenic line pFIL>>CKX4, all in a
S.lycopersicum cv M82 background, were assayed untreated. All assays were conducted
on leaf discs as detailed in the materials section. (a,c,e) Ethylene production was
measured using gas-chromatography. Averagex SEM of 5 independent experiments is
presented, N>8. Different letters represent statistical significance in a two tailed t-test,
p<0.039. (b,d,f) Conductivity levels of samples immersed in water for 40 h was measured.
Average = SEM of 4 independent experiments is presented, N>7. Letters represent
statistical significance in a two tailed t-test, p<0.044.
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Figure 6

Cytokinin induced immunity is altered in salicylic acid (SA) deficient, ethylene (ET)
insensitive and jasmonic acid (JA) insensitive mutants

Leaves of the SA deficient line NahG and its background line Moneymaker (MM), the
Ethylene insensitive line Never-Ripe (Nr) and its background line Pearson (Pn), and the
Jasmonate insensitive mutant jai-1 and its background M82, were treated with 100uM
6BAP.

(a) Ethylene production was measured using gas-chromatography. Average = SEM of 4
independent experiments is presented, N>8. Results were analyzed for significance in
one-way ANOVA with a Tukey post hoc test, p<0.0062. Asterisks represent significance
for the effect of CK within a genotype analyzed using a two-tailed t-test, *p<0.05, **p<0.01,
***+n<0.0001. Lower case letters represent significant differences in baseline ethylene
levels in the different genotypes, p<0.032. Upper case letters represent significant
differences in ethylene production in response to CK between genotypes, p<0.0002.

(b) Conductivity levels of samples immersed in water for 40 h was measured. Average +
SEM of 3 independent experiments is presented, N>7. Results were analyzed for
statistical significance in one-way ANOVA with a Dunnett post hoc test, p<0.0001.
Asterisks represent significance for the effect of CK within a genotype analyzed using a
two-tailed t-test, *p<0.05, **p<0.01, ****p<0.0001. Lower case letters represent significant
differences in baseline conductivity levels in the different genotypes, p<0.043. Upper case
letters represent significant differences in ethylene production in response to CK,
p<0.037.
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Figure 7

Cytokinin and Ethylene Inducing Xylanase (EIX) induce immune responses through
separate pathways

(a)-(b) S. lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) dissolved in 1uM NaOH and 1 ug /mL EIX.

(c)-(d) S. lycopersicum cv M82 leaves were treated with 100uM of indicated cytokinin (CK)
compounds or the control adenine, and 1 ug/mL EIX.

(e)-(f) Leaves of the increased CK transgene pBLS>>IPT7, the increased CK-sensitivity
mutant clausa e2522, and the reduced CK content transgene pFIL>>CKX4, all in a S.
lycopersicum cv M82 background, were treated with 1 ug/mL EIX.

(a,c,e) Ethylene production was measured using gas-chromatography. Presented values
are normalized to M82 mock average. Averagex SEM of 5 independent experiments is
presented, N>10. Asterisks represent statistical significance in a two tailed t-test (*p <0.05,
**p<0.01, **p<0.001, ****p<0.0001).
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(b,d,f) Conductivity levels of samples immersed in water for 40 h was measured. Average
+ SEM of 4 independent experiments is presented, N>8. Asterisks represent statistical
significance in a two tailed t-test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 8

Cytokinin induces defense gene expression as a stand alone treatment and
reduces defense gene expression following B. cinerea infection

(a) Gene expression analysis of defense genes in M82 mock and cytokinin (100uM 6-
BAP) treated plants was measured by qRT-PCR. Relative expression normalized to
mock. Plants treated with 1 uM NaOH were used as mock. The expression of RPL8 was
used as an internal control. Average+ SEM of 4 independent experiments is shown, N>9.
(b) Gene expression analysis of defense genes in mock and CK (100uM 6BAP) treated
B. cinerea (Bc) infected plants was measured by qRT-PCR in samples harvested 24 hours
after Bc inoculation. Plants treated with 1 uM NaOH were used as mock. The expression
of RPL8 was used as an internal control. Relative expression normalized to untreated
mock. Average = SEM of 4 independent experiments is shown, N>10. Results for (a) and
(b) were analyzed for statistical significance in one-way ANOVA with a Dunnett post hoc
test, p<0.0001 in both cases. Asterisks represent statistical significance in a two-tailed t-
test comparing each gene (*p<0.05; **p<0.01; **p<0.001).
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Figure 9

Defense gene expression in altered cytokinin genotypes in steady-state and
following B. cinerea infection

Gene expression analysis of defense genes in the increased CK transgenic line
pBLS>>IPT7, the increased CK-sensitivity mutant clausa 2522, and the reduced CK
content transgenic line pFIL>>CKX4, as well as in M82 treated with 100uM 6BAP, in
steady state (a-e) and following B. cinerea (Bc) infection in samples harvested 24 hours
after pathogen inoculation (f-j), was measured by qRT-PCR. (a,f) proteinase inhibitor 2
(P12); (b,g) Pto-interacting 5 (Pti5); (c,h) pathogenesis-related proteins (PR1a); (d,i) PR1b;
(e,)) pathogen induced 1 (PI11) genes. All samples normalized to M82 levels in steady-
state. Average + SEM of 3-5 independent experiments is shown, N>6. The expression of
RPL8 was used as an internal control. Different letters represent statistical significance in
a two-tailed t-test comparing each gene among all genotypes (p<0.04).
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Figure 10

Pathogen infection induces host cytokinin response

(a) Gene expression analysis of cytokinin (CK) responsive genes in M82 mock (M) and B.
cinerea (Bc) infected samples 24h after inoculation was measured by qRT-PCR. Plants
treated with 1 uM NaOH were used as mock. Relative expression normalized to mock.
Average + SEM of 3 independent experiments is shown, N=6-15. Asterisks represent
statistical significance in a two-tailed t-test (*p<0.05; ***p<0.001).

(b) LC/MS quantification of the active CKs trans-zeatin (t-Z), iso-pentenyl (iP) and iso-
pentenyl-riboside (iPR) 24 hours after Bc inoculation. Plants treated with 1 uM NaOH were
used as mock. Average + SEM is shown, N=3-6. Asterisks represent statistical
significance in a one-way ANOVA test with a Bonferroni post hoc test, p<0.0001 (*p<0.05,
**p<0.01).

(c-d) Stereomicroscope analysis of pTCS::3XVENUS expression surrounding Bc
inoculation site at indicated time points post droplet inoculation. Plants treated with 1 uM
NaOH were used as mock. (c) Fluorescence quantified using ImageJ, average+ SEM of
3 independent experiments is shown, N=4-15. Asterisks represent statistical significance
in a two-tailed t-test (*p<0.01; ***p<0.001, ***p<0.0001). (d) Representative images
shown, bar=250um.
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Figure 11

Cytokinin enhances cellular trafficking of the PRR LeEIX2

N. benthamiana epidermal cells transiently expressing LeEIX2-GFP were treated with CK
or Mock as indicated (a-), and subsequently treated with 1mg/mL EIX (d-f,h,j,I) for 5
minutes, followed by live cell imaging.

(a-f) Graphs depicting the analysis of confocal microscope images acquired using a Zeiss
LSM780 confocal microscope system with a C-Apochromat 40x/1.2 W Corr M27
Objective, using a 488 nm excitation laser (3% power, 493-535 nm emission range).
(g-1) Representative images taken from the membrane/endosomal plane, bar=10um.
(a-c,g-k) Effect of CK (6BAP, concentrations as indicated) on endosomal presence (a,g-
k) vesicular size (b,g-k), and total GFP cellular content of LeEIX2 (c).

(d-f,h-I) Effect of the combination of CK and EIX (1mg/mL) on endosomal presence (d,h-
), vesicular size (e,h-l) and total GFP cellular content of LeEIX2 (f).
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Image analysis was conducted with Fiji-ImageJ using the raw images and the 3D object
counter tool for quantifying endosome numbers and size, and the measurement analysis
tool for quantifying pixel intensity. Graphs represent average +SEM, N>20 per treatment.
Statistical significance was determined in a one-way ANOVA with a Dunnett post hoc test,
p=0.0005 (a), p<0.0001 (b,d,e), p=0.26 (c), p=0.056 (f). Asterisks (a-c) represent
statistically significant differences from the mock treatment (**p<0.01, ****p<0.0001).
Letters (d-f) represent statistically significant differences between samples (p<0.038
where different letters are indicated).

(m) S.lycopersicum cv M82 plants, WT or expressing GFP or SIPRA1A, both driven by
the 35S promoter, were spray-treated with 100uM 6-Benzylaminopurine (6-BAP)
dissolved in 1uM NaOH, and inoculated with 10 ul of B. cinerea spore solution (10° spores
mlt) 24 hours later. Lesion area was measured 7 days after B. cinerea inoculation using
Imaged. Graph represents the results of 4 independent experiments +SEM, N>20 for each
genotype/ treatment combination. Results were analyzed for statistical significance using
one-way ANOVA with a Bonferroni post hoc test, p<0.0001. Asterisks indicate statistically
significant differences between Mock and CK treatment, letters indicate statistically
significant differences in a two-tailed t-test conducted among mock samples only.

48


https://doi.org/10.1101/2020.03.23.003822
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.23.003822; this version posted March 25, 2020. 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.

c
2

R

)

=]
T
=

i)

2

<t

I

N

(&)

Mock EIX
-

= - —

§ = . *%

ks !

o — ns
_g kkk  kk ' g
c 10- — — ! ns

= * %k kK ' —_—
o — ' -

2 ns ns !

=+ |

£ S —_—

~ ]

Q '

J

3

SFESSe SIS
Oy ¢ O RS SQ @
¥ DO \‘&V' PN < Q(\\Q

&V & (b)

Supplemental Figure 1

Comparison of cytokinin (CK) induced immunity and Ethylene Inducing Xylanase
(EIX)+CK induced immunity.

(@) S. lycopersicum cv M82 leaves were treated with indicated concentrations of 6-
Benzylaminopurine (6-BAP) or (b) with 100uM of different CK compounds or the control
adenine, alone (white bars) or with the addition of 1 pg/mL EIX (black bars). Ethylene
production was measured using gas-chromatography. Presented values are normalized
to M82 mock average (NC). (a) Average + SEM of 5 independent experiments is
presented, N>8. . (b) Average + SEM of 4 independent experiments is presented, N>12.
Asterisks represent statistical significance in a two tailed t-test (*p <0.05, **p<0.01,
***p<0.001, ***p<0.0001).
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Supplemental Figure 2

Cytokinin (CK) and Ethylene Inducing Xylanase (EIX) induce immune responses
through separate pathways- ROS production

(a)-(b) S. lycopersicum cv M82 leaves were treated with 100uM 6-Benzylaminopurine (6-
BAP) and 1 ug/mL EIX. (c)-(d) Leaves of the increased cytokinin (CK) transgene
pBLS>>IPT7, the increased CK-sensitivity mutant clausa 2522, and the reduced CK
content transgene pFIL>>CKX4, all in a S. lycopersicum cv M82 background, were
treated with 1 ug/mL EIX. ROS production was measured every 5 minutes immediately
after EIX application for 90 minutes using the HRP-luminol method. Average + SEM of 4
independent experiments is shown, N=48. Asterisks represent statistical significance in a
two-way ANOVA with a Bonferroni post hoc test, p<0.01. Inset shows total ROS
production. *p<0.05; **p<0.01; ***p<0.001; ***p<0.0001.
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gPCR primers.

Locus Name Forward Reverse

Solyc10g006580 | RPL8 TGGAGGGCGTACTGAGAAAC TCATAGCAACACCACGAACC
Solyc01g106620 | PR1a CTGGTGCTGTGAAGATGTGG TGACCCTAGCACAACCAAGA
Solyc00g174340 | PR1b GTGTCCGAGAGGCCAAGCTA AGGACGTTGTCCGATCCAGTT
Solyc01g097270 | PI1 TGCTTAAGGGTGACAAATACACG | ACATTCACATTGTCACCGCA
Solyc03g020050 | PI2 CGACGTGTTGCACTGGTTAC TGCCAATCCAGAAGATGGAC
Solyc02g077370 | Pti5 GACATGGTGCGAGAGTATGG CTGAAACAGAGGCGTTCACT
Solyc05g006420 | TRR3/4 CGTCCCCTAAAGCATTCTCA CGTCTTGTTGGTGATGTTGG
Solyc03g113720 | TRR5/6/7 | GGGATTGATGGTTTGAAGGT ATCTTGCTCAACACCGATGA
Solyc02g071220 | TRR8/9b | AGTATGCCGGAAATGACTGG TGGAACATTTTCCGATGACA
Solyc06g048930 | TRR16/17 | GGTCTAAGGGCGTTGGAGTA TCCTGGCATGCAATAATCTG
Solyc06g048600 | TRR 16b | CATCAATGCATGGAAGAAGG GCATTGCATTATTTGGCATC
Solyc01g088160 | CKX2 CCCCGAAAATGGTGAAATG CAAAGTGGCTTGCTTGAACA
Solyc04g016430 | CKX5 TGTCACTGGTAAAGGAGAGGTG | GAGCAATCCTAGCCCTTGTG
Solyc12g008900 | CKX6 CAGGTGCTAAGCCATACTCTAGG | GGACATTCCATTAGGGGACA
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Solvent gradients and MS-MS parameters for hormone quantification.

Solvent gradient program for cytokinins:

Time (min) Phase A % Phase B %
Initial 95 5

0.5 95 5

14 50 50

15 5 95

18 5 95

19 95 5

22 95 5

Solvent gradient program for SA:

Time (min) Phase A % Phase B %
Initial 95 5
0.1 95 5
5 40 60
6 5 95
9 5 95
10 95 5
13 95 5

Optimized LC-MS-MS parameters for quantifications:

Analite Retention time lonization MRM D_vveII Cone Collision
transition time
and IS (min) Mode (m/z) (msec) (V) (V)
. 137>93 16
SA 3.97 negative 137565 106 22 24
. 141>97 14
D4-SA 4 negative 2095165 106 24 14
. 220>202 14
t-Z 2.34 positive 2905136 78 26 18
) . 225>137 18
H5-t-Z 2.35 positive 2955207 78 22 12
. . 204>136 14
iP 4.86 positive 204569 30 20 16
2H6-iP 4.82 iti 21021371 4 24 12
-i : positive 210575
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