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1  Summary
2 e Graft compatibility is the capacity of two plants to form cohesive vascular
3 connections. Tomato and pepper are incompatible graft partners; however, the
4 underlying cause of graft rejection between these two species remains unknown.
5 e \We diagnosed graft incompatibility between tomato and diverse pepper varieties
6 based on weakened biophysical stability, decreased growth, and persistent cell
7 death using trypan blue and TUNEL assays. Transcriptomic analysis of cell death
8 in the junction was performed using RNA-sequencing, and molecular signatures
9 for incompatible graft response were characterized based on meta-transcriptomic
10 comparisons with other biotic processes.
11 e \We show that tomato is broadly incompatible with diverse pepper cultivars. These
12 incompatible graft partners activate prolonged transcriptional changes that are
13 highly enriched for defense processes. Amongst these processes was broad NLR
14 upregulation and hypersensitive response. Using transcriptomic datasets for a
15 variety of biotic stress treatments, we identified a significant overlap in the genetic
16 profile of incompatible grafting and plant parasitism. In addition, we found over
17 1000 genes that are uniquely upregulated in incompatible grafts.
18 e Based on NLR overactivity, DNA damage, and prolonged cell death we have
19 determined that tomato and pepper graft incompatibility is likely caused by a form
20 of genetic incompatibility, which triggers a hyperimmune-response.
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22 autoimmunity, graft compatibility, hypersensitive response, programmed cell death,
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Introduction

Grafting is an ancient agricultural practice that is used to propagate plants and combine
desirable traits between independent root and shoot systems (Harrison & Burgess, 1962;
Mudge et al., 2009; Warschefsky et al., 2016; Williams et al., 2021). The apical portion of
a graft is known as the scion and the root system is known as the rootstock
(Scion:Rootstock). The capacity for two individuals to form continuous vascular
connections across the graft site is known as graft compatibility (Harrison & Burgess,
1962; Moore, 1984). The inability to graft is categorized into two types of incompatibility:
immediate incompatibility and delayed incompatibility (Mendel, 1936; Argles, 1937).
Delayed incompatibility can present months or years after grafting, with symptoms such
as swollen, over-proliferated scions, cell death in the junction, and structural instability of
the stem (Eames & Cox, 1945; Moore & Walker, 1981; Andrews & Marquez, 2010).
Despite a long history of grafting, humans still struggle to understand the mechanisms
underlying graft incompatibility. Currently, there are only a few examples where the
causes of incompatibility have been identified ( Gur, 1968; Mosse & Herrero, 1951;
Moore, 1986). Although there is likely a variety of species-specific cellular mechanisms
that determine compatible versus incompatible graft pairings, the presence of persistent
cell death in the junction is a common symptom that is observed across diverse plant
families (Eames & Cox, 1945; Moore & Walker, 1981).

Cell death can be classified into two main categories: necrosis and programmed cell
death (PCD; Burbridge et al., 2007). Necrosis is defined as uncontrolled death and is
often caused by stressors such as extreme heat, radiation, or a loss of membrane
potential that is so intense that genetic processes are unable to act (Hirsch et al., 1997;
Burbridge et al., 2007). In contrast, PCD is the controlled and organized process of
cellular destruction (Lockshin & Zakeri, 2004).

All eukaryotes have evolved an innate immune system that is capable of detecting
conserved foreign molecules during infection (Janeway et al., 2001). In plants, various
elicitors such as pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPs) are perceived by membrane bound pattern
recognition receptors (PRRs) facing the apoplast (Jones & Dangl, 2006; Amarante-
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Mendes et al., 2018; Steinbrenner et al., 2020). These molecules trigger downstream
pattern triggered immunity (PTI) and signal basal defense processes such as reactive
oxygen species (ROS) production (Boller & He, 2009). Alternatively, some pathogens
release effector proteins, which are expressed into the symplast to modify host responses
and promote infection (Stergiopoulos & de Wit, 2009). These effectors are locked in an
arms race with intracellular nucleotide-binding and leucine-rich repeat receptors (NLRs),
which perceive effectors or proteins modified by effectors and elicit effector triggered
immunity (ETI) and PCD (Wu et al., 2014). Currently, no such molecules, apoplastic or
symplastic, have been identified as the underlying cause of graft incompatibility, where
an unknown signal from one graft partner is perceived by a protein of the other, thus
leading to incompatibility.

Our previous work identified tomato and pepper as an herbaceous model for delayed
incompatibility (Thomas et al., 2022, 2023). Despite several studies investigating pepper
graft compatibility, much remains unknown about the underlying mechanism (Deloire &
Hébant, 1982; lves, 2012; Kawaguchi et al., 2008; Zeist et al., 2018). To explore this, we
grafted tomato to Capsicum annuum varieties, Cayenne, Doux des Landes, California
Wonder, and Capsicum chinense variety Habanero. We found that tomato-Capsicum
heterografts are all incompatible and exhibit failed xylem reconnections, weakened stem
stability, and reduced growth. Using the tomato-pepper combination with the highest graft
survival rate, tomato to California Wonder, we analyzed the presence of non-viable tissue
in the junction at 7, 14, and 21 days after grafting (DAG), and investigated the cause using
viability staining and transcriptomics. In contrast to self-grafted controls that clear non-
viable tissue from the junction, we found that incompatible grafts exhibit persistent cell
death at the junction. Additionally, we utilized RNA-seq to show that incompatible grafts
have a prolonged defense response following grafting, including significant upregulation
of many NLRs and signaling components involved in hypersensitive response (HR).
Furthermore, we identified a set of potential incompatibility marker genes that are
upregulated in incompatible junctions of both tomato and pepper stems. To characterize
the molecular response of incompatible grafting in relation to other biotic stress
responses, we conducted a transcriptomic meta-analysis comparing the effect of grafting
with pathogen infection, herbivory, and plant parasitism. We found a significant overlap
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91 in expression patterns between grafting and plant parasitism, indicating similar
92  mechanisms underpin interspecies plant-to-plant interactions. Lastly, we identified a suite
93  of over 1000 genes that are uniquely upregulated in incompatible grafts but not other
94  Dbiological stressors; among these genes, we identified genetic processes involved in
95 immune responses and DNA damage. Together, this work supports a model in which
96 tomato and pepper exhibit genetic incompatibility, which is potentially induced by
97 incompatible cross-species NLRs that trigger the production of defensive compounds,
98 upregulate programmed cell death, and eventually lead to genotoxic DNA damage.
99  Genetic incompatibility between tomato and pepper would be the first identified instance
100  of a hyper-immunity based incompatibility in a cross-species grafted crop.

101  Materials and methods
102  Plant materials and growth conditions

103  Capsicum annuum var. California Wonder (CW), RC Cayenne (Cayenne),Doux des
104 Landes (DDL), and Capsicum chinense var. Habanero and Capsicum chinense (pepper),
105 and Solanum lycopersicum (tomato) seeds were used for graft compatibility screening
106  (Method S1). 21 day old pepper seedlings and 14 day old tomato seedlings were grafted
107  (Method S2-3).

108  Characterizing graft compatibility

109 30 DAG the vascular connectivity of tomato and pepper junctions was assayed using
110  propidium iodide staining (Method S4). Graft junction integrity was tested using manual
111 bending (Thomas et al., 2022). (Method S5). Capsicum annuum var. CW and Solanum
112 Iycopersicum Var. M82 were used to conduct 3-point bend tests at the University of
113  Delaware. Structural mechanics of the graft junction were assessed by 3-point bend
114  testing (Method S6) (Ennos et al., 1993; Goodman & Ennos, 2001; Hostetler et al., 2022).

115 DAMP Assay

116  Hypocotyl explants from Capsicum annuum var. CW and Solanum lycopersicum Var.
117  MB82 were placed on callus-inducing media for 7 days (Method S7). The hypocotyl tissue

118 was then placed onto media which either previously cultured tomato or pepper tissue for
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119 7 additional days. The area of the explants was measured after 7 days on the
120  experimental media.

121  Grafting for TUNEL, trypan blue staining, and RNA-seq

122 Capsicum annuum var. (CW) and Solanum lycopersicum Var. M82 were grown as
123 described above. 36 of each tomato and pepper species were left ungrafted. The rest of
124 the plants were grafted as described above in the following combinations: 50
125 tomato:tomato, 50 CW:CW, 70 tomato:CW, and 70 CW:tomato. Ungrafted CW and
126  tomato plants were included in the recovery procedure. Plastic domes were vented 7 DAG
127  and removed 14 DAG.

128  Trypan Blue staining

129  Stems from 7, 14, 21 DAG, and ungrafted plants were collected and stained with 1%
130  Trypan Blue as previously reported (Method S8; Fernandez-Bautista, 2016).

131 TUNEL Assay

132 A 0.5 cm piece of the junction from 7, 14, 21 DAG, and ungrafted plants were used to
133 image PCD. Assays were performed using the Promega DeadEnd™ Fluorometric TUNEL
134  System (Method S9).

135  Transcriptomic Analysis

136  Capsicum annuum var. CW and Solanum lycopersicum Var. M82 were grafted as
137  previously described. A 0.5 cm of the junctions of 7, 14, 21 DAG, and ungrafted plants
138  were collected from 5 biological replicates for each sample. Each piece of tissue was
139  flash-frozen and ground with a mortar and pestle. Total RNA was purified and 3’ Seq
140 libraries were constructed at the Cornell Institute of Biotechnology, Biotechnology
141 Resource Center, and the libraries were sequenced on an lllumina NextSeq 500/550
142 using an lllumina High-output kit (Method S10). Fasta files were processed to yield raw
143  reads and differential expression analysis was performed using DESeq2 (Method S10;
144 Love et al, 2014). Putative orthogroups were determined using OrthoFinder with
145 Diamond as the sequence search program (Method S11; Buchfink et al., 2014; Emms &
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146  Kelly, 2019). Publicly available RNA-seq data was downloaded and processed to yield
147  raw read counts (Method S12).

148  Statistical analysis and image analysis

149  All statistical computation and graph generation were performed in R v4.1.2 (R Core
150 Team, 2021) (Method S13).

151
152 Results

153 Incompatible tomato and pepper heterografts are characterized by low survival,

154  reduced growth, failed vascular connectivity, and physical instability

155 Toinvestigate grafting between Solanum lycopersicum (tomato) and Capsicum (pepper)
156  species, we performed a graft compatibility assay between self- and reciprocal grafts of
157  Solanum lycopersicum var. M82 and Capsicum annuum varieties Cayenne, Doux des
158 Landes (DDL), California Wonder (CW), and Capsicum chinense var. Habanero 30

159 DAG (Fig. 1, Fig. S1a-d, Table S1). Compared with self-grafted controls, heterografted
160 tomato/pepper combinations exhibited significantly lower survival and higher break rates
161 based on bend testing (Fig. 1a). Despite a low survival rate, self-grafted DDL plants that
162  persisted formed strong graft junctions and were able to withstand the bend test (Moore,
163  1983; Thomas et al., 2022, 2023). Previous work reported DDL as a compatible graft
164  partner with tomato, yet when we challenged the integrity of the graft using the bend

165 test, the plants broke at the junction 92% of the time, indicating a high level of

166  incompatibility that was previously undetected (Deloire & Hébant, 1982). We also

167 analyzed growth of the grafted shoot and root systems to test for developmental

168  restrictions. Compatible shoot and root systems were 92.7% and 38.2% larger than

169  incompatible plants (Figure 1b-c, Table S2). Additionally, the scion and stock diameters
170 2 cm above or below the junction were significantly restricted in their lateral

171  development in incompatible grafts compared to self-grafted controls (Kruskal-Wallis
172 Fig. S2a-b).

173
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Figure 1: Heterografted tomato and pepper combinations exhibit moderate
survival, unstable stem integrity, and reduced growth.

(a) The relationship between percent survival (y-axis) and percent break (x-axis) is
shown for all graft combinations. Black dots denote self-grafts, grey dots denote
heterografts. Self-grafted tomato is outlined in orange. Self-grafted pepper is outlined in
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180 green. Heterografts where the scion is tomato are outlined in purple. Heterografts where
181  the stock is tomato are outlined in blue. The identity of each data point is labeled 1-13.
182  Percent survival n=30; For bend test sample size see Table S1. (b) The change in stem
183  diameter 2cm above the graft junction between 30 and 0 DAG (scion). (c) The change
184  in stem diameter 2 cm below the graft junction between 30 and 0 DAG (stock).

185  California Wonder abbreviated to Cali Wonder, Doux des Landes abbreviated to DDL.
186  Biological replicates are depicted as jitter and described in Table S2. Kruskal-Wallis

187  one-way analysis of variance was used to detect significant differences between self-
188 and heterografted combinations. p-value <0.05.

189

190

191  To examine the vascular connectivity of the grafts, we analyzed the anatomical

192  organization of junctions from every tomato/pepper combination 30 DAG (Fig. 2).

193  Consistent with our previous findings (Thomas et al., 2023), all self-grafted

194  combinations formed continuous xylem bridges across the graft junction (Fig. 2b, d, j, p,
195 v), demonstrating compatibility (Moore, 1981; Melnyk et al., 2015; Thomas et al., 2022).
196 Tomato grafted to any of the pepper varieties, formed non-vascular parenchymatous
197  connections across the graft but failed to form xylem bridges (Fig. 2f, h, I, n, r, t, x, z).
198  We noticed that overproliferated callus (Fig. 2I,t,x), as well as adventitious root growth
199  (Fig. 2f, n, t) were common features in these incompatible combinations.

200
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Figure 2: Heterografted pepper fails to form vascular connections and shows a
significant decrease in size 30 DAG. (a,c, e, g,i,k,m,0,q,s,w, U, w,y)
Representative photographs and (b, d, f, h, j, I, n, p, r, t, v, X, z) confocal micrographs for
self-grafted tomato (a-b), self-grafted habanero (c-d), tomato:Habanero (e-f),
Habanero:tomato (g-h), self-grafted Doux des Landes (DDL) (i-j), tomato:DDL (k-I),
DDL:tomato (m-n). self-grafted Cayenne (o-p), tomato:Cayenne (g-r), Cayenne:tomato
(s-t), self-grafted California Wonder (CW) (u-v), tomato:CW (w-x), CW:tomato (y-z).
Graft junctions were stained with propidium iodide and imaged on a confocal
microscope. Pink arrows indicate a successful graft junction with a healed xylem, white
arrows indicate a failed vascular reconnection and white Asterix highlight adventitious
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212 roots. All plant images have scale bars are 5 cm, and all micrograph scale bars are
213 1000 pm.
214

215

216  Because CW exhibited high survival rates when heterografted with tomato, we selected
217  this genotype for further analysis. Incompatible grafts are commonly discovered when
218  the junction breaks, due to failed vascular connectivity or cell death in the junction

219  (Eames & Cox, 1945; Moore & Walker, 1981; Andrews & Marquez, 2010). With a better
220  understanding of the vascular anatomy of compatible and incompatible plants, we

221  sought to determine if we could quantify the instability observed in the manual bend test
222 using a quantitative 3-point bend test. Congruent with reduced biophysical stability

223  observed with the 3-point bend test, we found that there was a significant reduction in
224 the structural stiffness of the heterografted junctions compared to self- and ungrafted
225  stems (Fig. S1e-f, Table S3).

226 Incompatible graft junctions accumulate significantly more non-viable tissue than
227 compatible grafts

228  Cell death is a common symptom associated with incompatible grafts (Moore, 1983). To
229  examine the extent to which tomato/pepper (CW variety) heterografts exhibit elevated
230 levels of cell death, we collected tissue from ungrafted tomato and pepper, self-graft

231 tomato and pepper, and reciprocally heterografted tomato and pepper at 7, 14, and 21
232 DAG (Fig. S3). To quantify cell death in the junction, we used trypan blue staining to
233 detect regions of deep tissue cell death (Fig. 3, Table S4). We measured a 2.5 mm

234 region of the junction, including any callus present at the interface. When we considered
235 just this sample area, the area of all graft junctions increased at a similar rate,

236 independent of the stem diameter (Fig S5a). To quantify the percent of non-viable tissue
237  (NVT) versus viable tissue, we made a macro in ImagedJ to extract tissue that was

238 deeply stained with trypan blue (Fig. 3ak, Fig. S4) and divided this area by the entire
239  area of the junction (Fig S5b). We first analyzed ungrafted tomato (Fig. 3a, g, m) and
240 pepper (Fig. 3b, h, n) stems that were the same age as the grafts we harvested at 7, 14,
241 and 21 DAG. At most, the ungrafted stems from tomato and pepper contained 0.341%
242  and 0.147% NVT respectively. Self-grafted tomato graft junctions consisted of 13.0%
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NVT at 7 DAG, which decreased to 3.51% by 21 DAG (Fig. 3u, aa, ag; Wilcoxon Paired
Test p = 0.0589). Similarly, self-grafted pepper junctions contained 24.8% NVT at 7
DAG but steadily decreased to only 2.92% by 21 DAG ( Fig. 3v, ab, ah; p = 2.78E-02).
Unlike the self-grafts, which exhibited decreasing NVT over time, tomato:pepper and
pepper:tomato incompatible grafts maintained a consistent percent of NVT over the
three week sample period (Fig. 3s-aj). Tomato:pepper junctions contained 20.9%,
20.2%, and 20.8% NVT at 7, 14, and 21 DAG, respectively (Fig. 3w, ac, ai), and
reciprocal pepper:tomato junctions exhibited similar levels of NVT: 21.9%, 17.9%, and
17.1% NVT at 7, 14, and 21 DAG, respectively (Fig. 3x, ad, aj). Overall, tomato and
pepper exhibited prolonged cell death up to three weeks post-grafting relative to self-
grafted controls.
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255  Figure 3: Incompatible grafts contain persistent nonviable tissue over time. (a-r)
256  Representative images of 2.5 mm long graft junctions at 7, 14, and 21 DAG stained with
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257  Trypan Blue. A representative ungrafted tomato stem and the percent of non-viable

258  tissue (NVT) are shown at 7 DAG (a, s), 14 DAG (g, y), and 21 DAG (m, ae). A

259  representative ungrafted pepper stem and the percent of NVT at 7 DAG (b, t), 14 DAG
260 (h, z), and 21 DAG (n, af). A representative self-graft tomato junction and the percent of
261 NVT at 7 DAG (c, u), 14 DAG (i, aa), and 21 DAG (o, ag). A representative self-grafted
262  pepper junction and the percent of NVT at 7 DAG (d, v), 14 DAG (j, ab), and 21 DAG (p,
263  ah). A representative tomato:pepper junction and the percent of NVT at 7 DAG (e, w),
264 14 DAG (k, ac), and 21 DAG (q, al). A representative pepper:tomato junction and the
265 percent of NVT at 7 DAG (f, x), 14 DAG (I, ad), and 21 DAG (r, aj). Yellow arrows point
266 to examples of deep tissue death; dashed lines signify the graft site; all junctions are 2.5
267 mm tall (a-r). (s-aj) The percent of cell death and (ak) the area of cell death in the

268 junction of all graft combinations at 7, 14, and 21 DAG. Pink boxplots are 7 DAG,

269  orange boxplots are 14 DAG, and purple boxplots are 21 DAG. Biological replicates are
270  depicted as jitter (ak) as well as described in detail in Table S4.

271

272

273 Previous work has attributed this incompatible symptom of NVT to the accumulation of
274  trapped cellular debris that creates a necrotic layer in the graft (Tiedemann, 1989).

275  However, the active accumulation of NVT through programmed cell death (PCD)

276  provides an alternative explanation. To test whether NVT accumulation in incompatible
277  grafts was due to PCD, we performed terminal deoxynucleotidyl transferase dUTP nick
278 end labeling (TUNEL) assays on graft junctions from all graft combinations at 7, 14, and
279 21 DAG (Fig 4, Fig S6-S7). We observed that ungrafted tomato and pepper stems

280  contain cells undergoing PCD at low rates within the stem tissues particularly in xylem
281 and epidermal cells, and indeed PCD could be detected in graft junctions as well (Fig
282  S6-7). Despite detecting PCD in the peripheral areas of the graft junction that

283  overlapped with the region of NVT identified by trypan blue, the high amount of

284  developmental cell death due to vasculogenesis confounded our ability to quantify

285  differences in PCD between compatible (Fig. 4a,b,e,f) and incompatible (Fig. 4c,d,g,h)
286  grafts.

287
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289  Figure 4: Developmental programmed cell death is present in all graft junctions
290 regardless of compatibility.

291 A representative graft junction from (a,e) tomato:tomato, (b,f) pepper:pepper, (c,g)

292  tomato:pepper, (d,h) pepper:tomato 14 DAG. (a-d) TUNEL fluorescein-12-dUTP-labeled
293  DNA and autofluorescence are false-colored cyan. (e-h) the TUNEL fluorescence

294  merged with propidium iodide (false-colored magenta) staining nucleic acid and cell

295  walls. Pink arrows indicate a successful graft junction with healed xylem, and white

296 arrows indicate a failed vascular reconnection. Examples of newly developed xylem are
297 labeled (xy). All images are equal and the scale bar is 500 pm.

298

299  To understand the cause of the NVT present in the incompatible grafts, we first

300 investigated if DAMPs, which activate PAMP-triggered immunity (PTI) upon cellular

301  rupture during infection and herbivory, also play a role in determining incompatible

302  species combinations (Brutus et al., 2010; Ferrari et al., 2013; Nothnagel et al., 1983).
303 To see if a component of the cell wall could act as an antagonist to inter-species

304 grafting, we designed an in vitro assay to test for DAMP-induced changes in callus

305  growth similar to work conducted in quince (Moore, 1986). Tomato and pepper explants
306 were allowed to grow on media containing either tomato or pepper wound exudates for
307 7 days. If wounding caused the secretion of an inhibitory chemical during callus

308 formation, the hypocotyls growing on cross-species exudates would be stunted. Despite
309 a significant difference in overall growth rates between tomato and pepper explants, the
310 presence of cross-species DAMPs had no effect (Fig. S8, Table S5). Our results


https://paperpile.com/c/NvRC4N/Ol6O+FJAD
https://paperpile.com/c/NvRC4N/Ol6O+FJAD
https://paperpile.com/c/NvRC4N/Ol6O+FJAD
https://paperpile.com/c/NvRC4N/Ol6O+FJAD
https://paperpile.com/c/NvRC4N/Ol6O+FJAD
https://paperpile.com/c/NvRC4N/tYR6q
https://doi.org/10.1101/2024.03.29.587379
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.29.587379; this version posted April 1, 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-ND 4.0 International license.

311 indicate that cross-species secreted exudates do not affect callus growth; however, this
312 does not rule out the role of DAMPs in triggering graft-incompatibility during other
313  stages of junction formation.

314 Tomato and Pepper heterografts express prolonged transcriptional defense
315  profiles

316  To further investigate the underlying cause of NVT in incompatible grafts, we collected
317 and performed RNA-sequencing on ungrafted, self-grafted, and heterografted tissue at
318 7,14, and 21 DAG (Table S6-7). When compared to ungrafted stems, self-grafted

319 junctions expressed 4.5x, 5x, and 15x less differentially expressed genes compared to
320 heterografts at 7, 14, and 21 DAG, respectively. (Fig. 5, Table S8-9). The reduced

321  number of differentially expressed genes in self-grafts correlates with the healing

322 timeline, where compatible tomato and pepper self-grafts heal within the first week

323  (Thomas et al., 2022).

324
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326 Figure 5: Incompatible heterografts have prolonged differential gene regulation
327 compared to self-grafts. Differentially expressed genes (>1.5 or <-1.5, p-value<0.05)
328 of each grafted tissue (compared to ungrafted) at each time point for tomato and

329  pepper. Upregulated genes are shown in light colors and downregulated genes are
330 shown in dark colors. Self-grafted scions are dark purple, self-grated stocks are light
331 purple, heterografted scions are orange, and heterograft stocks are yellow. Each

332 combination has 3-5 bio-replicates.

333

334

335 To identify genes uniquely upregulated in the incompatible grafts, we used likelihood
336 ratio testing (Table S10). Distinct genes were expressed in the scion and stock, with
337  only a fraction in common at any time point, suggesting that the genetic response in
338 incompatible grafts is spatially and temporally regulated (Fig. S9a-f). For example, at 7
339 DAG, 1530 and 2380 genes were uniquely upregulated in the scion and stock of

340 incompatible tomato grafts (Fig. S9). Of these 3910 genes, only 576 were shared

341 between scion and stock. The percent of genes upregulated in the scion that were also
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342 upregulated in stock for tomato was only 38%, 2%, and 11% of the total scion DEGs at
343 7,14, and 21 DAG respectively. Similarly, genes upregulated in the pepper scion that
344  were also upregulated in the stock made up only 6%, 29%, and 17% of the total scion
345 genes at 7, 14, and 21 DAG. Additionally, scion tissue shared more genes across time
346  than stocks, further supporting that the position in relation to the graft junction, holds a
347  significant role in the genetic process (Fig. S9g-j).

348

349  Using significantly upregulated genes from either tomato:pepper or pepper:tomato

350 incompatible graft combinations, we performed GO term enrichment (Figure S10, Table
351  S11). We found that processes associated with defense and stress displayed the

352 highest enrichment in heterografted tomato stocks 14 DAG and pepper stocks 7 DAG
353 (Fig. 6a-b). To further explore how defense processes might be involved in the

354  incompatible response, we targeted NLRs and downstream molecular signaling

355 involved in defense for deeper analysis. Using a collection of 320 previously annotated
356 tomato NLRs (Bashir et al., 2022), we identified 97 defense-related receptors that were
357  significantly upregulated in incompatible grafts (Fig. 6¢, Table S12). Of these 97 NLRs,
358 82 were upregulated in the pepper:tomato 14 DAG sample, indicating this is a critical
359 time point for activating defense-related molecular responses to incompatibility.

360  Similarly, 145 of the 356 annotated pepper NLRs were upregulated during incompatible
361  grafting (Fig. 6d), with a pronounced molecular signature of 101 NLRs upregulated in
362 tomato:pepper grafts 7 DAG (Lee et al., 2021). Notably, stock tissue from both tomato
363 and pepper incompatible grafts exhibit highly upregulated NLR expression within the
364 first two weeks post-grafting (Fig 6a-b). In the absence of an effector protein or

365 pathogen, overexpression of NLRs can trigger autoimmunity that leads to

366 hypersensitive response (HR; Freh et al., 2022). To test whether cell death in

367 incompatible grafts could result from HR, we analyzed the expression of tomato and
368 pepper orthologs EDS1, SAG101, and PAD4, which are known regulators of HR in

369 arabidopsis (Fig. 6e, Table S12; Rietz et al., 2011; Zhu et al., 2011; Gantner et al.,

370  2019). Again, we identified incompatible graft-specific upregulation, especially at 14
371 DAG, for these HR regulators (Fig. 6e).

372
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374  Figure 6. Incompatible graft-specific upregulated genes are involved in defense
375 response. (a-b) Uniquely upregulated incompatible graft genes were determined by
376  performing likelihood ratio testing (p<0.05) on ungrafted, self-graft scion, and

377 incompatible graft scion as well as ungrafted, self-grafted stock, and incompatible stock
378 tissue. The genes upregulated in only the incompatible graft tissue were used to

379  perform GO enrichment. GO terms enriched in incompatible grafted tomato tissue at 7,
380 14, and 21 DAG (a). GO terms enriched in incompatible grafted pepper tissue at 7, 14,
381 and 21 DAG (b). (c-d) Log-fold change of NLRs in grafted tissue compared to ungrafted
382  tissue of tomato (c) and pepper (d). (e) The log-fold change of genes involved in

383 hypersensitive response in grafted vs. ungrafted tissue. The log-fold change was

384  scaled by row. The tissue is denoted by the colored columns where self-grafted scions
385 are dark purple, self-grafted stocks are light purple, incompatible grafted scions are

386  orange, and incompatible grafted stocks are yellow. The days after grafting were

387  denoted by colored columns where 7 DAG are white, 14 DAG are grey, and 21 DAG are
388  Dblack. Astrix denotes p-value<0.05 and log-fold change greater than |1.5|.

389

390  Next, to explore the role of hormonal regulation in graft compatibility, we identified the
391 closest tomato and pepper putative homologs for annotated Arabidopsis genes involved
392 in salicylic acid (SA), jasmonic acid (JA), and ethylene biosynthesis and response (Fig.
393  S11a-c, Table S12) All three of these hormones are known to play a role in defense
394  processes, with SA serving a critical function in NLR-induced HR (Enyedi et al., 1992;
395  Lorenzo et al., 2003; Koornneef & Pieterse, 2008). In addition, JA and ethylene are

396  associated with graft junction formation (Wang et al., 2020; Thomas et al., 2022). At 7
397 DAG, SA, JA, and ethylene biosynthesis were upregulated in self and incompatible

398 grafted samples relative to ungrafted controls, indicating that the 7 day response is

399 dominated by general graft healing processes. By 14 and 21 DAG, SA, JA, and

400 ethylene biosynthesis and perception were predominantly upregulated in the

401  incompatible scions compared to self-grafted controls (Fig S11). Congruent with this
402  response, we noticed that the tomato and pepper orthologs for PR1, a defense gene
403  downstream of SA signaling, was upregulated at 21 DAG in incompatible scions. The
404  expression of these genes three-weeks after grafting indicates that the prolonged

405 incompatible graft response is related to defense processes which may be activated or
406 mediated by SA, JA, and ethylene hormonal pathways.

407

408  Another hormonal-regulated defense process that was significantly enriched across our
409 incompatible graft time points is the biosynthesis of steroidal glycoalkaloids (SGAs; Fig.
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410 S12, Table S12). SGAs are a class of jasmonate-dependent defensive compounds

411 produced by Solanaceous species (Cardenas et al. 2016; Milner et al. 2011; ltkin et al.
412 2013; Panda et al. 2022). Upon further investigation, we were able to find that many
413  genes in SGA biosynthesis (GAME1,4,6,7,11,12,17,18, and MKB1) were significantly
414  upregulated in the incompatible tissue, especially in the scion (Nakayasu et al., 2018).
415  Since this response is shared in tomato and pepper, it is possible that SGA biosynthesis
416  could be triggered by the graft incompatibility immune response (Abdelkareem et al.
417  2017). Furthermore, SGA content could be a useful metric for gauging graft

418 compatibility in Solanaceae.

419

420  We also explored molecular markers for ROS production, which is capable of causing
421  cell death. We examined the expression profiles of known RBOHSs (Li et al., 2019; Raziq
422  etal., 2022), and found that of the 8 RBOHs annotated in tomato, only SIRBOH1 and
423  SIRBOHF were both upregulated in incompatible tissue (Fig. S11d, Table S12).

424 Surprisingly, none of the antioxidant enzymes previously shown to be upregulated

425  alongside RBOHs were significantly upregulated in any of our incompatible grafts

426  (Raziq et al., 2022). This data indicates that ROS production is not a dominant by-

427  product of tomato-pepper graft incompatibility at 7 DAG and beyond.

428

429  We observed that the stocks of incompatible grafts exhibited high levels of RNA

430  degradation, especially at 21 DAG (Fig. S13). RNA degradation over time in

431 incompatible tissue might be a by-product of genotoxic stress or DNA damage as a part
432  of NLR-activated HR (Rodriguez et al., 2018; Nisa et al., 2019). To see if known genes
433  associated with PCD in Arabidopsis could shed light on the genetic response seen in
434 the incompatible tissue, we identified putative orthologs for programmed cell death

435 indicator genes from Arabidopsis (Olvera-Carrillo et al., 2015). We found that several
436  orthologs for PCD-associated genes were upregulated in incompatible grafts, including
437  HSFB1, ATHB12, and LEAY. Although our TUNEL assays were inconclusive due to the
438  confounding effects of vasculogenesis during graft formation, this data provides

439  molecular support for the role of PCD in promoting persistent cell death in incompatible
440  tomato-pepper graft junctions.
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441  Another interesting group of genes uniquely upregulated in the incompatible grafts were
442  identified plant paralogs to BREAST CANCER SUSCEPTIBILITY GENE 1 (BRCA1,
443 Solyc09g066080, Solyc12g041980) and BRCA1 ASSOCIATED RING DOMAIN

444  PROTEIN 1 (BARD1, Solyc05g016230). In mammals, these genes form a homodimer
445  which is required for homologous recombination, a mode of DNA repair following

446  genotoxic stress. Homologous recombination is a less common method of DNA-repair
447  in eukaryotes, whereas non-homologous end joining is the most prevalent mode.

448 Regardless, the Arabidopsis paralogs for BRCA1/BARD1 are upregulated by genotoxic
449  damage, so it is possible that the NLR-induced immune response in incompatible grafts
450 leads to DNA damage which triggers BRCA1/BARD1. This is especially interesting

451  considering that incompatible tissue showed a genetic overlap with NLR-induced HR,
452  increased defensive processes, an indication of reduced DNA quality over time, and
453  prolonged NVT in the junction. Together this suggests that incompatible grafts might
454  indeed undergo a type of cross-species immune response inducing DNA breakdown
455  and subsequently leading to cell death at the graft junction.

456

457  Evolutionary conservation of incompatible tomato and pepper gene families

458  To determine whether incompatible graft response genes were conserved between

459  tomato and pepper genomes, we generated strict orthogroups between tomato, pepper,
460 and Arabidopsis (Table S14), and then identified significantly upregulated genes

461  (between grafted versus ungrafted controls) with shared ortholog groupings in both

462  tomato and pepper (Tabel S15-16). For instance, out of the 1074 and 428 genes

463  upregulated in the heterografted scions of tomato:pepper and pepper:tomato at 7 DAG,
464  there were 69 orthogroups conserved between the two species. We identified relatively
465  more shared orthogroups in incompatible graft samples versus self-grafted controls,
466  especially with respect to incompatible scion samples (Fig. 7a). Even when considering
467  the magnitude of DEGs between samples, the number of shared orthogroups in

468  incompatible tissue remains proportionately higher than self-grafted tissue. This finding
469 indicates that molecular responses to incompatibility share a high degree of overlap

470  between the tomato and pepper genomes. From this analysis, we identified ERF114
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(Solyc03g118190/CA03g31320) as a shared orthogroup that is present in incompatible
grafts at 7, 14, and 21 DAG. ERF14 is closely related to RAP2.6L (RELATED to
AP2.6L; Fig. 7b), a wound-responsive transcription factor that exhibits overlapping
expression with auxin depletion and high levels of JA in stock tissue within the first 24
hours of grafting (Asahina et al., 2011; Matsuoka et al., 2018; Lakehal et al., 2020).
Although AtERF114 has not been tested for a direct role in grafting, similar to RAP2.6L,
it has been shown to be upregulated under high JA (Lakehal et al., 2020). Incompatible-
specific expression of SIERF114 could be explained by its role in ectopic xylem and
lateral root formation in arabidopsis (Canher et al. 2022). This hypothesis is supported
by the formation of unorganized overproliferated xylem tissue in the incompatible grafts,
many of which produce adventitious roots (Fig. 2). These orthologs, much like SGA

biosynthesis, serve as candidate markers for detecting incompatibility in Solanaceae.
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Figure 7. Incompatible grafted plants share many differentially expressed
orthologs such as ERF114
(a) Orthologs upregulated at any given tissue/time point in both tomato and pepper.
Orthogroups were determined between Solanum lycopersicum, Capsicum annum, and
Arabidopsis thaliana using OrthoFinder. Upregulated genes for all graft combinations
were determined in comparison to ungrafted stems. Each gene had a corresponding
orthogroup. A shared ortholog was determined if upregulated genes (Ifc >1.5, p-
value<0.05) from both tomato and pepper at a common tissue/time point were linked to
the same orthogroup. (b) Normalized read counts of SIERF114 and CaERF114 were
across time. Read counts for tomato and pepper were normalized and faceted by tissue
type. Box plots of ungrafted tissue read counts are orange, boxplots of scions tissue
read counts are purple, and boxplots of stock tissue read counts are pink.
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498
499 Incompatible grafting upregulates a set of unique defense processes

500 Our analyses of incompatible graft responses indicate that both tomato and pepper

501 upregulate strong disease resistance-related molecular responses. To test whether this
502  response is specific to incompatible grafting, or whether these genes share overlapping
503 functions with plant immunity and defense, we compared upregulated incompatible

504  grafting genes with published datasets of three biotic stressors: early plant-parasitism
505 (Jhu et al., 2021), insect herbivory (Ke et al., 2021), and established necrotrophic fungal
506 infections (47 hours post-inoculation; Srivastava et al., 2020). We also used an

507 arbuscular mycorrhizal symbiosis dataset as a control for non-destructive biotic

508 processes (Zeng et al., 2023). Despite these processes occurring in differing tissues
509 and developmental stages, all datasets were moderately correlated with all 7 DAG

510 tomato samples (Spearman Rank average correlation; 0.58; Fig. 8a) and we were able
511 toidentify shared transcriptional responses with grafted plants (Fig. 8d-g), as well as
512  between different biotic treatments (Fig. 8b, Table S17). Additionally, all stressors were
513  found to have a significant representation factor (RF) greater than 1 with self and

514  heterografted tissue; meaning that there was a significantly increased overlap of genes
515 upregulated in the stressed tissue and the grafted tissue than expected by chance

516  (Fisher’'s Exact Test with hypergeometric probability; Table S18). This is in comparison
517  to the Arbuscular mycorrhizal fungi (AMF) dataset, which contained 1385 significantly
518 upregulated genes but lacked enriched overlap with self- or heterografted tissue (Fig.
519  8d).

520

521  Amongst the three biotic stressors analyzed, the necrotrophic fungi, Botrytis cinerea,
522  elicited the highest transcriptional responses with 2761 differentially upregulated genes.
523 223 of these genes were also upregulated in self and incompatible grafts. 541 genes
524  were upregulated in only infected and incompatible grafted tissue (RF: 2.2, Fig. 8e).
525  Shared genes were involved in defense-related processes such as RLKs, MAP kinases,
526  LRR-proteins, and cell death, such as HSR4 (Solyc02g062550; Table S19; Zhang et al.
527  2014). Plants stressed with herbivory by the tobacco hornworm (Manduca sexta)
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528 expressed 537 upregulated genes (Fig. 8f). Of these, 44 were shared between

529  herbivory, self-and incompatible grafted plants, 2 were uniquely shared with self-grafted
530 datasets (RF:5.9), and 93 were uniquely shared with incompatible grafts (RF:1.9).

531

532 The parasitic plant, Cuscuta campestris, led to 1073 upregulated DEGs, of which 182
533  are shared between parasitized, self-, and incompatible grafted tissue (Fig. 8g). 280
534  genes were both upregulated in only parasitized tissue and incompatible grafts (RF:3.2),
535  while 5 were upregulated in both parasitized and self-grafted, but not incompatible

536  grafts (RF:6.4). The developmental and anatomical processes of parasitic haustorium
537  formation and graft formation share strong parallels; both structures involve tissue

538 reunion and the patterning of newly formed vascular connections. Given these parallels,
539  we hypothesized that parasitism would have the greatest overlap in DEGs with grafted
540 stems, which we found to be especially true for compatible grafts (total gene overlap,
541  RF:5.7). Surprisingly, parasitism also shared the most significant overlap with

542 incompatible grafts out of all 3 biotic stress treatments (total gene overlap, RF: 3.4).

543  Enriched processes in parasitized, self- and heterografted plants include:

544  polysaccharide catabolic processes, response to molecules of fungal origin, defense
545  response to other organisms, and cellular response to oxygen-containing compounds.
546  Genes from these categories include Pathogenesis-related (PR) genes, endochitinases,
547  chitinases, and ethylene biosynthesis components. Genes upregulated in both

548 parasitized tissue and incompatible grafts were enriched for GO terms such as MAPK
549  cascades, regulation of defense responses, regulation of immune response, and

550 defense response to other organisms suggesting that both incompatible grafting and
551  plant parasitism elicit interspecies defense responses.

552

553  While we identified a significant overlap between self-, incompatible grafts, and tissue
554  subjected to the three biotic stressors, we also identified a large set of genes that were
555  uniquely upregulated in grafted samples only (Fig.8c). Self- and incompatible grafts

556  uniquely upregulated 227 genes, and incompatible grafts alone expressed a unique

557  signature of 1019 upregulated genes. These genes were enriched for GO terms

558 including polysaccharide catabolic process and anthocyanin biosynthesis, ABA/salt
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stress/drought, salicylic acid perception, and response to oxidative stress (Table S20).
Within these GO categories, we identified the putative tomato ortholog to AtWRKY70
(Solyc03g095770), which functions at the interface of SA and JA signaling (Li et al.,
2006), in incompatible graft samples at 7 and 14 DAG. Interestingly, the grape ortholog
to AtWRKY70 (VIT_08s0058g01390) was previously identified as an upregulated gene
in incompatible grape grafts (Assuncéo et al., 2019), making this gene an extremely

interesting candidate for future studies in graft incompatibility.
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568 Figure 8: Grafting elicits unique an shared genetic processes with other

569 biological stressors. (a) Spearman Rank Correlation between 7 DAG samples,

570  botrytis infection, herbivory, plant parasitism, and arbuscular mycorrhizal fungi (AMF)
571  colonization. (b) Overlap of upregulated genes from four biological processes

572  investigated. (c) Upset plot showing the overlap between upregulated genes from the
573  biological processes: AMF, plant parasitism, insect herbivory, and fungal infection, scion
574  or stock self-, and scion or stock incompatible graft tissue 7 DAG. (d-g) Overlap of
575  upregulated genes from scion or stock of self- or incompatible-grafted tissue at 7 DAG
576  and all biological processes. (d) The overlap between grafting and AMF, (e) botrytis
577  fungal infection, (f) herbivory, (g) and plant parasitism. The grey outline denotes the
578  biological stressors, whereas AMF was used as a control.

579 Discussion

580 In this study, we use an expanded set of germplasm (four pepper varieties from two
581 different Capsicum species) to demonstrate that tomato and pepper are broadly

582  incompatible. This assessment is based on the formation of weak graft junctions and
583  failed vascular reconnections between all tomato/pepper combinations (Fig 1). Notably,
584  previous literature cited the Doux des Landes (DDL) pepper variety as graft-compatible
585  with tomato (Deloire & Hébant, 1982). This historic assessment was likely based on
586  high survival rates and the overall healthy appearance of tomato:DDL combinations.
587 However, we demonstrate that along with all other varieties of pepper tested, tomato-
588  DDL grafts fail to form xylem bridges, and as a consequence, develop biophysically
589 unstable junctions that fail the bend test. Based on our findings, we emphasize the

590  importance of verifying anatomical connectivity when diagnosing graft compatibility, and
591 we recommend additional analyses investigating xylem formation and long-term

592  productivity, to unambiguously assess compatible combinations. For all of the

593  heterografts tested, we also were able to show that vascular bridges were not formed
594  and growth was reduced (Fig. 1-2).

595

596 In order to analyze cell death in the graft junction, we tracked the percent of non-viable
597  tissue (NVT) in the junction during the first 3 weeks post-grafting (Fig. 3). All grafts

598  exhibited elevated NVT at 7 days after-grafting (DAG), compatible grafts exhibited

599  significantly reduced NVT at 14 and 21 DAG, while incompatible grafts maintained the
600 same percentage of NVT over time. Programmed Cell Death (PCD) is an important
601  genetic mechanism that allows for selective cell death. In addition to its function in
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602  developmental processes (e.g. tracheid and vessel element maturation), PCD plays a
603  central role in specific defense responses, including HR. Due to the high rate of

604 developmental cell death related to vasculogenesis, we were unable to definitively show
605 that PCD caused NVT in incompatible junctions (Fig. 4). To further investigate the

606 cause of sustained NVT in incompatible grafts, we used RNA-seq to analyze the

607  molecular signature of compatible versus incompatible grafts (Fig. 5). In addition to the
608 incompatible grafts displaying a prolonged transcriptional response up to 21 DAG

609 compared to self-grafts, genes upregulated at these later time points were enriched for
610 processes associated with defense responses. Of these upregulated incompatible

611 genes were many NLRs (Fig. 6). NLRs form complexes that monitor both effector

612  presence and effector mediated changes to other proteins; when activated, NLRs

613  trigger ETl and downstream defense responses (Jones et al., 2016). NLRs can also
614  self-activate, triggering an inappropriate immune response (Bomblies et al., 2007; Tran
615 etal, 2017). This phenomenon was originally identified as a type of genetic

616 incompatibility present in F1 offspring of interspecific crosses, leading to the name

617  “hybrid necrosis” (Hollingshead, 1929). Plants executing this immune response display
618 cell death lesions, reduced growth, yellowing, and even complete death (Bomblies &
619  Weigel, 2007). This phenomenon is now attributed to an autoactivated immune

620 response. The neofunctionalization of NLRs in individual species has led to expanded
621 and diverse families, which when crossed can interact deleteriously, activating defense
622 responses in a similar mode to pathogen triggered defense (Tran et al., 2017). The

623  expression of NLRs must remain tightly controlled, since upregulation leads to serious
624  growth penalties (Tian et al., 2003). Furthermore, overexpression of NLRs can be

625  sufficient to activate autoimmunity (Lai & Eulgem, 2018). Like in other instances of NLR
626  autoactivity, where many NLRs are upregulated, we found significant upregulation of the
627  NLRs from both tomato and pepper (Barragan et al., 2021). The Capsicum genomes
628  have undergone extensive expansion of the NLR family (Kim et al., 2017). It is possible
629 that the phenotypes we observed in incompatible tomato-pepper grafts are caused by
630 NLR-related genetic incompatibility. This would be the first instance of NLR

631 autoactivation being triggered by physical rather than reproductive genomic

632 combinations. Given that the graft junction is composed of an interspecific fusion of
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633 tissues, where the genetic information of tomato and pepper are in intimate proximity, it
634 s logical that grafting could elicit a similar response to hybrid incompatibility.

635 Hypersensitive response requires salicylic acid and a core set of genes PAD4, SAG101,
636 and EDS1 in Arabidopsis. We found that most of the orthologs to these HR regulators,
637  in addition to SA responsive genes, were upregulated in incompatible grafts compared
638 to self-grafted controls. Our molecular evidence points to a model in which tomato-

639  pepper graft incompatibility is caused by an immune response activated by incompatible
640  genetic information, which is perceived by differing NLR alleles present in the tomato
641 and pepper genomes.

642

643 In addition to the shared NLR-upregulation in tomato and pepper heterografts, we also
644 identified a set of shared orthologs that are upregulated in both the tomato and pepper
645 genomes during incompatible grafting. Further analysis of these shared orthologs may
646  help to identify genetic markers for incompatibility in Solanaceae (Fig. 7).

647

648  Next, to explore the genetic fingerprint of graft incompatibility, we compared upregulated
649  genes from compatible grafts, incompatible grafts, and 3 biotic stress datasets

650  (herbivory, fungal infection, and plant parasitism (Fig. 8). We identified an overlap

651  between grafting and these biotic stressors, with a significantly pronounced overlap of
652  upregulated genes between grafting and plant parasitism. Given that the formation of
653 the parasitic haustorium and the graft junction both require inter-specific tissue

654  coordination leading to vascular reconnection, it is logical that the two processes share
655  molecular machinery. The similarity between these two phenomena, both genetically
656  and physiologically, will require future research to fully explore. This analysis also

657 revealed over 1000 uniquely upregulated genes that are expressed in incompatible

658  grafts, including DNA damage repair genes, BRCA1 and BARD1 (Fig 8). Previous work
659  has shown that autoimmune responses caused by NLR overactivation induce DNA

660 damage via EDS1 (Rodriguez et al., 2018). Based on these findings we propose that
661  NLR autoactivation is triggered by genetic incompatibility between the diverged immune
662  systems of tomato and pepper, and this immune response triggers a hypersensitive

663  response producing the prolonged accumulation of non-viable tissue in incompatible
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664  graft junctions that shares similarities with HR-induced lesions. Further supporting our
665 model, our incompatible grafts shared a unique upregulation of DNA damage repair and
666 HR-related genes that are associated with NLR-mediated autoimmunity. From this

667  analysis, we have identified NLR-mediated genetic incompatibility as a likely cause for
668 tomato-pepper graft incompatibility.
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925

926 Figure Legends

927  Figure 1: Heterografted tomato and pepper combinations exhibit moderate

928 survival, unstable stem integrity, and reduced growth. The relationship between
929  percent survival (y-axis) and percent break (x-axis) is shown for all graft combinations
930 (a). Black dots denote self-grafts, grey dots denote heterografts. Self-grafted tomato is
931 outlined in orange. Self-grafted pepper is outlined in green. Heterografts where the

932  scion is tomato are outlined in purple. Heterografts where the stock is tomato are

933  outlined in blue. The identity of each data point is labeled 1-13. Percent survival n=30;
934  For bend test sample size see Table S1. The change in stem diameter 2cm above the
935  graft junction between 30 and 0 DAG (scion) (b). The change in stem diameter 2 cm
936  below the graft junction between 30 and 0 DAG (stock) (c). California Wonder

937  abbreviated to Cali Wonder, Doux des Landes abbreviated to DDL. Biological replicates
938  are depicted as jitter and described in Table S2. Kruskal-Wallis one-way analysis of
939  variance was used to detect significant differences between self-and heterografted

940  combinations. p-value <0.05.

941

942  Figure 2: Heterografted pepper fails to form vascular connections and shows a
943  significant decrease in size 30 DAG. (a, c,e, g,i,k,m,0,Q,s, w, u, w, y)

944  Representative photographs and (b, d, f, h, j, I, n, p, r, t, v, X, z) confocal micrographs for
945  self-grafted tomato (a-b), self-grafted habanero (c-d), tomato:Habanero (e-f),

946  Habanero:tomato (g-h), self-grafted Doux des Landes (DDL) (i-j), tomato:DDL (k-1),

947  DDL:tomato (m-n). self-grafted Cayenne (o-p), tomato:Cayenne (g-r), Cayenne:tomato
948  (s-t), self-grafted California Wonder (CW) (u-v), tomato:CW (w-x), CW:tomato (y-z).

949  Graft junctions were stained with propidium iodide and imaged on a confocal

950  microscope. Pink arrows indicate a successful graft junction with a healed xylem, white
951 arrows indicate a failed vascular reconnection and white Asterix highlight adventitious
952  roots. All plant images have scale bars are 5 cm, and all micrograph scale bars are

953 1000 pm.

954

955  Figure 3: Incompatible grafts contain persistent nonviable tissue over time. (a-r)
956  Representative images of 2.5 mm long graft junctions at 7, 14, and 21 DAG stained with
957  Trypan Blue. A representative ungrafted tomato stem and the percent of non-viable

958  tissue (NVT) are shown at 7 DAG (a, s), 14 DAG (g, y), and 21 DAG (m, ae). A

959 representative ungrafted pepper stem and the percent of NVT at 7 DAG (b, t), 14 DAG
960 (h, z), and 21 DAG (n, af). A representative self-graft tomato junction and the percent of
961 NVT at 7 DAG (c, u), 14 DAG (i, aa), and 21 DAG (o, ag). A representative self-grafted
962  pepper junction and the percent of NVT at 7 DAG (d, v), 14 DAG (j, ab), and 21 DAG (p,
963  ah). A representative tomato:pepper junction and the percent of NVT at 7 DAG (e, w),
964 14 DAG (k, ac), and 21 DAG (q, al). A representative pepper:tomato junction and the
965 percent of NVT at 7 DAG (f, x), 14 DAG (I, ad), and 21 DAG (r, aj). Yellow arrows point
966  to examples of deep tissue death; dashed lines signify the graft site; all junctions are 2.5
967 mm tall (a-r). (s-aj) The percent of cell death and (ak) the area of cell death in the

968 junction of all graft combinations at 7, 14, and 21 DAG. Pink boxplots are 7 DAG,


https://doi.org/10.1101/2024.03.29.587379
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.29.587379; this version posted April 1, 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-ND 4.0 International license.

969  orange boxplots are 14 DAG, and purple boxplots are 21 DAG. Biological replicates are
970  depicted as jitter (ak) as well as described in detail in Table S4.
971
972  Figure 4: Developmental programmed cell death is present in all graft junctions
973  regardless of compatibility. A representative graft junction from (a,e) tomato:tomato,
974  (b,f) pepper:pepper, (c,g) tomato:pepper, (d,h) pepper:tomato 14 DAG. (a-d) TUNEL
975  fluorescein-12-dUTP-labeled DNA and autofluorescence are false-colored cyan. (e-h)
976  the TUNEL fluorescence merged with propidium iodide (false-colored magenta) staining
977  nucleic acid and cell walls. Pink arrows indicate a successful graft junction with healed
978  xylem, and white arrows indicate a failed vascular reconnection. Examples of newly
979  developed xylem are labeled (xy). All images are equal and the scale bar is 500 pm.
980
981 Figure 5: Incompatible heterografts have prolonged differential gene regulation
982 compared to self-grafts. Differentially expressed genes (>1.5 or <-1.5, p-value<0.05)
983  of each grafted tissue (compared to ungrafted) at each time point for tomato and
984  pepper. Upregulated genes are shown in light colors and downregulated genes are
985  shown in dark colors. Self-grafted scions are dark purple, self-grated stocks are light
986  purple, heterografted scions are orange, and heterograft stocks are yellow. Each
987 combination has 3-5 bio-replicates.
988
989 Figure 6. Heterograft-specific upregulated genes are involved in defense
990 response. (a-b) Uniquely upregulated heterografted genes were determined by
991  performing likelihood ratio testing (p<0.05) on ungrafted, self-graft scion, and
992  heterografted scion as well as ungrafted, self-grafted stock, and heterografted stock
993 tissue. The genes upregulated in only the heterograft tissue were used to perform GO
994  enrichment. GO terms enriched in heterografted tomato tissue at 7, 14, and 21 DAG (a).
995 GO terms enriched in heterografted pepper tissue at 7, 14, and 21 DAG (b). (c-d) Log-
996  fold change of NLRs in grafted tissue compared to ungrafted tissue of tomato (c) and
997  pepper (d). (e) The log-fold change of genes involved in hypersensitive response in
998  grafted vs. ungrafted tissue. The log-fold change was scaled by row. The tissue is
999 denoted by the colored columns where self-grafted scions are dark purple, self-grafted
1000  stocks are light purple, heterografted scions are orange, and heterografted stocks are
1001  yellow. The days after grafting were denoted by colored columns where 7 DAG are
1002  white, 14 DAG are grey, and 21 DAG are black. Asterisks denotes p-value<0.05 and
1003  log-fold change greater than |1.5].
1004
1005 Figure 7. Heterografted plants share many differentially expressed putative
1006 orthologs such as ERF114
1007  (a) Putative orthologs upregulated at any given tissue/time point in both tomato and
1008  pepper. Orthogroups were determined between Solanum lycopersicum, Capsicum
1009  annum, and Arabidopsis thaliana using OrthoFinder, where each gene corresponded to
1010  an orthogroup. Upregulated genes for all graft combinations were determined in
1011  comparison to ungrafted stems. A shared ortholog was determined if upregulated genes
1012 (Ifc >1.5, p-value<0.05) from both tomato and pepper at a common tissue/time point
1013 were linked to the same orthogroup. (b) Normalized read counts of SIERF114 and
1014 CaERF114 across time. Read counts for tomato and pepper were normalized,
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1015  combined, and faceted by tissue type. Boxplot color denotes tissue origin; Ungrafted
1016 tissue is orange, scion tissue is purple, and stock tissue is pink.

1017

1018  Figure 8: Grafting elicits unique and shared genetic processes with other

1019 biological stressors. (a) Spearman Rank Correlation between 7 DAG samples,

1020  botrytis infection, herbivory, plant parasitism, and arbuscular mycorrhizal fungi (AMF)
1021  colonization. (b) Overlap of upregulated genes from four biological processes

1022  investigated. (c) Upset plot showing the overlap between upregulated genes from the
1023  biological processes: AMF, plant parasitism, insect herbivory, and fungal infection, scion
1024  or stock self-, and scion or stock heterografted tissue 7 DAG. (d-g) Overlap of

1025  upregulated genes from scion or stock of self- or hetero-grafted tissue at 7 DAG and all
1026  biological processes. (d) The overlap between grafting and AMF, (e) botrytis fungal
1027 infection, (f) herbivory, (g) and plant parasitism. The grey outline denotes the biological
1028  stressors, whereas AMF was used as a control.

1029

1030  Supporting Information

1031  Fig. S1 Tomato and pepper heterografts have reduced survival and weak graft

1032 junctions.

1033  Fig. S2 Incompatible grafts have reduced secondary growth 30 DAG.

1034  Fig. S3 Tomato and pepper grafts were collected at 7, 14, and 21 DAG for TUNEL
1035  assays, trypan blue, and RNA-seq

1036  Fig. S4 Non-viable tissue was quantified in ImageJ

1037  Fig. S5 Heterografted tomato and pepper have consistent growth and persistent non-
1038  viable tissue

1039  Fig. S6 All grafted plants have elevated programmed cell death in the graft junction
1040  Fig. S7 All grafted plants have elevated programmed cell death in the graft junction
1041  (merged)

1042 Fig. S8 Cross-species exudates do not affect callus growth of tomato or pepper

1043  Fig. S9 Genetic overlap between tomato and pepper grafts shows scion-stock

1044  specificity.

1045  Fig. S10 Scion and stock tissue have distinct upregulated genes at any given time point
1046  Fig. S11 Hormonal regulation but not ROS production is upregulated in incompatible
1047  grafts

1048  Fig. S12 DNA quality decreases over time in incompatible stocks

1049  Fig. S13 The steroidal glycoalkaloid biosynthesis pathway is significantly upregulated in
1050 heterografted grafted scions.

1051  Fig.S14 Biological stressors upregulate distinct and shared genetic responses

1052  Method S1 Plant material and growth conditions
1053  Method S2 Grafting

1054  Method S3 Pepper Compatibility Grafts

1055  Method S4 Propidium lodide Staining

1056 Method S5 Bend Test

1057  Method S6 Instron three-point bend test
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1058  Method S7 DAMP Assay

1059  Method S8 Trypan Blue staining

1060  Method S9 TUNEL Assay

1061  Method S10 RNA-sequencing and bioinformatic processing

1062  Method S11 Orthogroup Parsing

1063  Method S12 Comparative Transcriptomics

1064  Method S13 Statistical Analysis

1065

1066  Table S1 Graft survival overtime and manual bend tests

1067  Table S2 Phenotypic data from pepper and tomato compatibility screen

1068  Table S3 Instron 3-point bend test results and statistical analysis

1069 Table S4 Non-viable tissue data and statistical analysis

1070  Table S5 Wound exudate and DAMP assay on callus growth and statistical analysis
1071  Table S6 Solanum lycopersicum (tomato) raw read counts

1072 Table S7 Capsicum annuum (pepper) raw read counts

1073  Table S8 Tomato Wald Test output

1074  Table S9 Pepper Wald Test output

1075  Table S10 Genes with upregulation in heterografts based on likelihood ratio test
1076  Table S11 GO term enrichment of genes upregulated in heterografted plants as
1077  determined by likelihood ratio testing

1078  Table S12 Genes involved in processes of interest which were used to generate
1079  heatmaps

1080  Table S13 Alignment rate of RNA-seq libraries

1081  Table S14 Orthogrouping of TAIR10 (Arabidopsis), ITAG4 (tomato), and CM334
1082  (pepper)

1083  Table S15 Shared Orthogroups

1084 Table S16 GO term enrichment from orthogroup overlap

1085 Table S17 Genes upregulated following biological stressors

1086  Table S18 Genetic overlap and statistical analysis

1087  Table S19 GO enrichment of genes overlap between grafting and biological stressors
1088  Table S20 GO enrichment for heterograft-specific upregulated genes
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