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Abstract

Graft compatibility is the capacity of two plants to form cohesive vascular connections. Tomato and pepper are incompatible
graft partners; however, the underlying cause of graft rejection between these two species remains unknown. We diagnosed graft
incompatibility between tomato and diverse pepper varieties based on weakened biophysical stability, decreased growth, and persistent
cell death using viability stains. Transcriptomic analysis of the junction was performed using RNA sequencing, and molecular signatures
for incompatible graft response were characterized based on meta-transcriptomic comparisons with other biotic processes. We show
that tomato is broadly incompatible with diverse pepper cultivars. These incompatible graft partners activate prolonged transcriptional
changes that are highly enriched for defense processes. Amongst these processes was broad nucleotide-binding and leucine-rich repeat
receptors (NLR) upregulation and genetic signatures indicative of an immune response. Using transcriptomic datasets for a variety of
biotic stress treatments, we identified a significant overlap in the genetic profile of incompatible grafting and plant parasitism. In
addition, we found over 1000 genes that are uniquely upregulated in incompatible grafts. Based on NLR overactivity, DNA damage,
and prolonged cell death, we hypothesize that tomato and pepper graft incompatibility is characterized by an immune response that

triggers cell death which interferes with junction formation.

Introduction

Grafting is an ancient agricultural practice that is used to prop-
agate plants and combine desirable traits between independent
root and shoot systems [1-4]. The apical portion of a graft is
known as the scion and the root system is known as the rootstock
(Scion:Rootstock). Graft compatibility is defined by the ability of
two individuals to form continuous vascular connections across
the graft site [1, 5]. The inability to graft is categorized into two
types of incompatibility: immediate incompatibility and delayed
incompatibility [6, 7]. Delayed incompatibility can present months
or years after grafting, with symptoms such as swollen, over-
proliferated scions, cell death in the junction, and structural insta-
bility of the stem [8-10]. Graft compatibility is a significant issue
for growers who rely on combining distinct species and varieties,
through grafting, to alter plant architecture and increase disease
resistance [11, 12]. Despite a long history of grafting, humans still
struggle to understand the mechanisms underlying graft incom-
patibility. Currently, there are only a few examples where the
causes of incompatibility have been identified [13-15]. 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 [9, 10].

Cell death can be classified into two main categories: necrosis
and programmed cell death (PCD; [16]). 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 [16, 17]. In
contrast, PCD is the controlled and organized process of cellular
destruction [18].

All eukaryotes have evolved an innate immune system that is
capable of detecting conserved foreign molecules during infection
[19]. 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 [20-22]. These
molecules trigger downstream pattern-triggered immunity (PTI)
and signal basal defense processes such as reactive oxygen
species (ROS) production [23]. Alternatively, some pathogens
release effector proteins, which are expressed into the symplast to
modify host responses and promote infection [24]. 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 [25]. Currently, no such molecules,
apoplastic or symplastic, have been identified as the underlying
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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 herba-
ceous model for delayed incompatibility [26, 27]. Despite several
studies investigating pepper graft compatibility, much remains
unknown about the underlying mechanism [28-31]. 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 Cal-
ifornia Wonder, we analyzed the presence of nonviable tissue
(NVT) in the junction at 7, 14, and 21 days after grafting (DAG)
and investigated the cause using viability staining and transcrip-
tomics. In contrast to self-grafted controls which recover from cell
death in the junction, we found that incompatible grafts exhibit
persistent death. Additionally, we utilized RNA-sequencing to
show that incompatible grafts have a prolonged defense response
following grafting, including significant upregulation of many
NLRs and important genetic components involved in defense
response. Furthermore, we identified a set of potential incom-
patibility 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
in expression patterns between grafting and plant parasitism,
indicating similar mechanisms underpin interspecies plant-to-
plant interactions. Lastly, we identified a suite of over 1000 genes
that are uniquely upregulated in incompatible grafts but not other
biological stressors; among these genes, we identified genetic pro-
cesses involved in immune responses and DNA damage. Together,
this work supports a model in which tomato and pepper grafts
trigger an immune response including upregulated NLR expres-
sion, defensive compound production, and upregulation of genes
associated with PCD, and DNA damage. This would be the first
identified instance of an immunity based incompatibility in a
cross-species grafted crop.

Results

Incompatible tomato and pepper heterografts are
characterized by low survival, reduced growth,
failed vascular connectivity, and physical
instability

To investigate grafting between Solanum lycopersicum (tomato) and
Capsicum (pepper) species, we performed a graft compatibility
assay between self- and reciprocal grafts of S. lycopersicum var. M82
and C. annuum varieties Cayenne, Doux des Landes (DDL), Califor-
nia Wonder (CW), and C. chinense var. Habanero 30 days after graft-
ing (DAG) (Figs S1 and S2; Table S1). Compared with self-grafted
controls, heterografted tomato/pepper combinations exhibited
significantly lower survival and higher break rates based on bend
testing (Fig. S1a). Despite a low survival rate, self-grafted DDL
plants that persisted formed strong graft junctions and were able
to withstand the bend test [26, 27, 32]. Previous work reported
DDL as a compatible graft partner with tomato, yet when we
challenged the integrity of the graft using the bend test, the
plants broke at the junction 92% of the time, indicating a high
level of incompatibility that was previously undetected [28]. We

also analyzed growth of the grafted shoot and root systems to
test for developmental restrictions. Compatible shoot and root
systems were 92.7% and 38.2% larger than incompatible plants
(Fig. S2a-b, Table S2). Additionally, the stem diameter of the scion
was significantly restricted in their lateral development in incom-
patible grafts compared to self-grafted controls (Kruskal-Wallis
Fig. S2c and d).

To examine the vascular connectivity of the grafts, we analyzed
the anatomical organization of junctions from every tomato/pep-
per combination 30 DAG (Fig. 1). Consistent with our previous
findings [26], all self-grafted combinations formed continuous
xylem bridges across the graft junction (Fig.1b,d,j,p,V, aa),
demonstrating compatibility [27, 33, 34]. Tomato grafted to any
of the pepper varieties formed nonvascular parenchymatous
connections across the graft but failed to form xylem bridges
(Fig. 1f, h, 1, n, 1, t, %, z, ab). We noticed that overproliferated scion
callus (Fig. 11, t, x), as well as adventitious root growth (Fig. 1f, n, t)
were common features in these incompatible combinations.

Because CW exhibited high survival rates when heterografted
with tomato, we selected this genotype for further analysis.
Incompatible grafts are commonly discovered when the junction
breaks, due to failed vascular connectivity or cell death in the
junction [8-10]. With a better understanding of the vascular
anatomy of compatible and incompatible plants, we sought to
determine if we could quantify the instability observed in the
manual bend test using a quantitative three-point bend test.
Congruent with reduced biophysical stability observed with the
three-point bend test, we found that there was a significant
reduction in the structural stiffness of the heterografted junctions
compared to self- and ungrafted stems (Fig. S3, Table S3).

Incompatible graft junctions accumulate
significantly more NVT than compatible grafts

Cell death is a common symptom associated with incompatible
grafts [32]. To examine the extent to which tomato/pepper (CW
variety) heterografts exhibit elevated levels of cell death, we col-
lected tissue from ungrafted tomato and pepper, self-graft tomato
and pepper, and reciprocally heterografted tomato and pepper at
7,14, and 21 DAG (Fig. S4). To quantify cell death in the junction,
we used trypan blue staining to detect regions of cell death (Fig. 2,
Table S4). We measured a 2.5 mm region of the hand sectioned
junctions, including any callus present at the interface. When we
considered just this sample area, the area of all graft junctions
increased at a similar rate, independent of the stem diameter
adjacent to the junction (Fig. S5a). When trypan blue stain is
applied to thick tissue sections like this, regions where cell death
are present in numerous tissue layers are visualized as blue-black
under a light microscope. To quantify the percent of NVT versus
viable tissue, we made a macro in ImageJ to extract tissue that
was deeply stained with trypan blue (Fig. 2ak, Fig. S6) and divided
this area by the entire area of the junction (Fig. S5b). We first
analyzed ungrafted tomato (Fig. 2a, g, m) and pepper (Fig. 2b, h, n)
stems that were the same age as the grafts we harvested at 7, 14,
and 21 DAG. At most, the ungrafted stems from tomato and pep-
per contained 0.341% and 0.147% NVT respectively. Self-grafted
tomato graft junctions consisted of 13.0% NVT at 7 DAG, which
decreased to 3.51% by 21 DAG (Fig. 2u, 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. 2v, ab, ah; p=2.78E-02). Unlike the self-grafts, which
exhibited decreasing NVT over time, tomato:pepper and pep-
per:tomato incompatible grafts maintained a consistent percent
of NVT over the 3-week sample period (Fig. 2s-aj). Tomato:pepper
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Figure 1. Heterografted pepper fails to form vascular connections and shows a significant decrease in size 30 DAG. (a, ¢, e, g,1,k, m, 0, g, s, u, W, y)
Representative photographs and (b, d, f, h,j,1, n, p, 1, t, v, X, z) confocal micrographs for self-grafted tomato (a, b), self-grafted habanero (c, d),
tomato:Habanero (g, f), Habanero:tomato (g, h), self-grafted Doux des Landes (DDL) (i, j), tomato:DDL (k, 1), DDL:tomato (m, n). self-grafted Cayenne (o,
p), tomato:Cayenne (q, 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 (b, d, j, p, v,
aa). White arrows indicate a failed vascular reconnection (f, h, 1, n, 1, t, %, z, ab) and white asterisk highlight adventitious roots (f, n, t). All plant image
scale bars are 5 cm, and all micrograph scale bars are 1000 pm. (aa) A zoomed up view of self-grafted tomato to demonstrate successful xylem
connections. (ab) A zoomed view of heterograft tomato:cayenne junction to demonstrate failed xylem connections. Blue arrowheads denote xylem in
the graft junction of aa and ab.

junctions contained 20.9%, 20.2%, and 20.8% NVT at 7, 14, and NVT at 7, 14, and 21 DAG, respectively (Fig. 2%, ad, aj). Overall,
21 DAG, respectively (Fig. 2w, ac, ai), and reciprocal pepper:tomato tomato and pepper exhibited prolonged cell death up to 3 weeks
junctions exhibited similar levels of NVT: 21.9%, 17.9%, and 17.1% post-grafting relative to self-grafted controls.
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Figure 2. Incompatible grafts contain persistent NVT over time. (a-1) Representative images of 2.5 mm long graft junctions at 7, 14, and 21 DAG stained
with Trypan Blue. A representative ungrafted tomato stem and the percent of NVT are shown at 7 DAG (a, s), 14 DAG (g, y), and 21 DAG (m, ae). A
representative ungrafted pepper stem and the percent of NVT at 7 DAG (b, t), 14 DAG (h, z), and 21 DAG (n, af). A representative self-graft tomato
junction and the percent of NVT at 7 DAG (c, u), 14 DAG (i, aa), and 21 DAG (o, ag). A representative self-grafted pepper junction and the percent of NVT
at 7 DAG (d, v), 14 DAG (j, ab), and 21 DAG (p, ah). A representative tomato:pepper junction and the percent of NVT at 7 DAG (e, w), 14 DAG (k, ac), and
21 DAG (g, al). A representative pepper:tomato junction and the percent of NVT at 7 DAG (f, x), 14 DAG (1, ad), and 21 DAG (1, aj). Yellow arrows point to
examples of tissue death; dashed lines signify the graft site; all junctions are 2.5 mm tall. All images set to same scale, with the scale bar equal to 1 cm
(a-1). (s—aj) The percent of cell death and (ak) the area of cell death in the junction of all graft combinations at 7, 14, and 21 DAG. From left to right,
dark orange depicts ungrafted tomato, light orange depicts ungrafted pepper, green depicts self-grafted tomato, teal depicts self-grafted pepper, purple
depicts tomato:pepper, and pink depicts pepper:tomato. Compact letter display based on adjusted p-value of Tukey’s HSD test. Biological replicates are
depicted as jitter (ak) as well as described in detail in Table S4.
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Previous work has attributed the incompatible symptom of
NVT to the accumulation of trapped cellular debris that creates a
necrotic layer in the graft [35]. However, the active accumulation
of NVT through PCD provides an alternative explanation. To test
whether NVT accumulation in incompatible grafts was due to
PCD, we first attempted terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assays, which labels double
stranded DNA breaks, on graft junctions (Fig. S7-S9). Unfortu-
nately, the high amount of developmental cell death due to vas-
culogenesis confounded our ability to quantify differences in PCD
between compatible and incompatible grafts.

Next, to understand the cause of the NVT present in the
incompatible grafts, we performed a preliminary assay to see
if DAMPs, which activate DAMP-triggered immunity (DTI) upon
cellular rupture during infection and herbivory, also play a role
in determining incompatible species combinations [36-38]. To see
if a component of one of the cell walls could act as an antagonist
to inter-species grafting, we designed an in vitro assay to test for
DAMP-induced changes in growth similar to work conducted in
quince [14]. Tomato and pepper explants were allowed to grow
on media containing either tomato or pepper wound exudates for
7 days. If wounding caused the secretion of an inhibitory chem-
ical during callus formation, the hypocotyls growing on cross-
species exudates would have altered growth. Despite a significant
difference in overall growth rates between tomato and pepper
explants, the presence of any cross-species DAMPs had no effect
(Fig. S10, Table S5). Our results indicate that crude cross-species
secreted exudates do not affect growth in this type of assay;
however, this does not rule out the role of DAMPs in triggering
graft incompatibility during other stages of junction formation.

Tomato and pepper heterografts express
prolonged transcriptional defense profiles

To further investigate the underlying cause of NVT in incom-
patible grafts, we collected and performed RNA-sequencing on
ungrafted, self-grafted, and heterografted tissue at 7, 14, and
21 DAG on tomato and CW pepper (Tables S6 and S7). When
compared to ungrafted stems, self-grafted junctions expressed
4.5x, 5%, and 15x less differentially expressed genes compared to
heterografts at 7, 14, and 21 DAG, respectively. (Fig. 3, Tables S8
and S9). The reduced number of differentially expressed genes in
self-grafts correlates with the healing timeline, where compatible
tomato and pepper self-grafts heal within the first week [27].

To identify genes uniquely up- and down-regulated in the
incompatible grafts, we used likelihood ratio testing (Table S10
and S11). Distinct genes were upregulated in the scion and stock,
with only a fraction in common at any time point, suggesting
that the genetic response in incompatible grafts is spatially and
temporally regulated (Fig. S11a-f). For example, at 7 DAG, 1530 and
2380 genes were uniquely upregulated in the scion and stock of
incompatible tomato grafts (Fig. S11). Of these 3910 genes, only
576 were shared between scion and stock. The percent of genes
upregulated in the scion that were also upregulated in stock for
tomato was only 38%, 2%, and 11% of the total scion DEGs at
7, 14, and 21 DAG, respectively. Similarly, genes upregulated in
the pepper scion that were also upregulated in the stock made
up only 6%, 29%, and 17% of the total scion genes at 7, 14, and
21 DAG. Additionally, scion tissue shared more genes across time
than stocks, further supporting that the position in relation to
the graft junction, holds a significant role in the genetic process
(Fig. S11g-j).

Using significantly upregulated genes from either tomato:pepper
or pepper:tomato incompatible graft combinations, we performed

Thomasetal. | 5

GO term enrichment (Fig.4a,b, S12-S13, Tables S12 and S13).
Downregulated genes showed few conserved trends across time
points and species (Fig. S13), but we found that processes associ-
ated with defense and stress displayed the highest enrichment in
upregulated genes from heterografted tomato stocks 14 DAG and
pepper stocks 7 DAG (Fig. 4a, b). To further explore how defense
processes might be involved in the incompatible response, we
targeted NLRs and downstream molecular signaling involved in
defense for deeper analysis. Using a collection of 320 previously
annotated tomato NLRs [39], we identified 97 defense-related
receptors that were significantly upregulated in incompatible
grafts (Fig. 4c, Table S14). Of these 97 NLRs, 82 were upregulated
in the pepper:tomato 14 DAG sample, indicating this is a critical
time point for activating defense-related molecular responses
during incompatibility. Similarly, 145 of the 356 annotated pepper
NLRs were upregulated during incompatible grafting (Fig. 4d),
with a pronounced molecular signature of 101 NLRs upregulated
in tomato:pepper grafts 7 DAG [40]. Notably, stock tissue from
both tomato and pepper incompatible grafts exhibit highly
upregulated NLR expression within the first 2 weeks post-grafting
(Fig. 4a-b). In the absence of an effector protein or pathogen,
overexpression of NLRs can trigger autoimmunity that leads to
hypersensitive response (HR; [41]). To test whether cell death
in incompatible grafts could result from HR or other defense
processes, we analyzed the expression of tomato and pepper
orthologs EDS1, SAG101, and PAD4, which are known regulators
in Arabidopsis (Fig. 4e, Table S14; [42-44]). Again, we identified
incompatible graft-specific upregulation, especially at 14 DAG,
for these regulators (Fig. 4e).

Next, to explore the role of hormonal regulation in graft
compatibility, we identified the closest tomato and pepper
putative homologs for annotated Arabidopsis genes involved in
salicylic acid (SA), jasmonic acid (JA), and ethylene biosynthesis
and response (Fig. S14a—c, Table S14) All three of these hormones
are known to play a role in defense processes, with SA serving
a critical function in NLR-induced HR and immunity [45-47].
In addition, JA and ethylene are associated with graft junction
formation [27, 48]. At 7 DAG, SA, JA, and ethylene biosynthesis
were upregulated in all grafted samples relative to ungrafted
controls, indicating that hormonal signaling is prominent early in
healing. By 14 and 21 DAG, SA, JA, and ethylene biosynthesis and
perception were predominantly upregulated in the incompatible
scions compared to self-grafted controls (Fig. S14). Congruent
with this response, we noticed that the tomato and pepper
orthologs for PR1, a defense gene downstream of SA signaling,
was upregulated at 21 DAG in incompatible scions (Fig. S14a). The
expression of these genes three-weeks after graftingindicates that
the prolonged incompatible graft response is related to defense
processes which may be activated or mediated by SA, JA, and
ethylene hormonal pathways.

Another hormonal-regulated defense process that was sig-
nificantly enriched across our incompatible graft time points
was the biosynthesis of steroidal glycoalkaloids (SGAs; Fig. 5a,
Table S14). SGAs are a class of jasmonate-dependent defensive
compounds produced by Solanaceous species [49-52]. Upon fur-
ther investigation, we were able to find that many genes in SGA
biosynthesis (GAME1,4,6,7,11,12,17,18, and MKB1) were signifi-
cantly upregulated in the incompatible tissue, especially in the
scion [53]. Since this response is shared in tomato and pepper,
it is possible that SGA biosynthesis could be triggered by the
graft incompatibility immune response [54]. Furthermore, SGA
content could be a useful metric for gauging graft compatibility in
Solanaceae.
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Figure 3. Incompatible heterografts have prolonged differential gene regulation compared to self-grafts. Differentially expressed genes (|1.5| , adjusted
p-value<0.05) of each grafted tissue (compared to ungrafted) at each time point for tomato and pepper. Upregulated genes are shown in light colors
and downregulated genes are shown in dark colors. Self-grafted scions are dark purple, self-grated stocks are light purple, heterografted scions are
orange, and heterograft stocks are yellow. Each combination has 3-5 bio-replicates.

We also explored molecular markers for ROS production. We
examined the expression profiles of known RBOHs [55, 56] and
found that of the 8 RBOHs annotated in tomato, only SIRBOH1 and
SIRBOHF were both upregulated in incompatible tissue (Fig. S14d,
Table S14). Surprisingly, none of the antioxidant enzymes pre-
viously shown to be upregulated alongside RBOHs were signifi-
cantly upregulated in any of our incompatible grafts [56]. This
data suggested that ROS production is not a dominant by-product
of tomato—pepper graft incompatibility at 7 DAG and beyond.

Additionally, we observed that the stocks of incompatible grafts
exhibited high levels of RNA degradation, as determined by low
alignment rates, especially at 21 DAG (Table S15). RNA degrada-
tion over time in incompatible tissue might be a by-product of
genotoxic stress or DNA damage as a part of PCD [57, 58]. We
also found that orthologs of genes shown to act as markers of
developmental PCD (i.e.,, SCPL48, BFN1, DMP2) and biotic stress
induced PCD (i.e., HSFB1, WRKY75, ISTL6) in Arabidopsis were
upregulated in at least one time point of heterografted tomato
(Table S10; [59]). Although our TUNEL assays were inconclusive
due to the confounding effects of vasculogenesis during graft
formation, this data provides molecular support for the role of
PCD in both promoting persistent cell death in incompatible
tomato-pepper grafts through a biotic stress induced mechanism,
in addition to protoxylem development.

Another interesting group of genes uniquely upregulated in the
incompatible grafts were identified plant homologs to BREAST

CANCER SUSCEPTIBILITY GENE 1 (BRCA1, Solyc09g066080,
Solyc12g041980) and BRCA1 ASSOCIATED RING DOMAIN PRO-
TEIN 1 (BARD1, Solyc05g016230; Table S22). In mammals, these
genes form a homodimer that is required for homologous
recombination, a mode of DNA repair following genotoxic
stress. Homologous recombination is a less common method
of DNA repair in eukaryotes, whereas nonhomologous end
joining is the most prevalent mode. Regardless, the Arabidopsis
paralogs for BRCA1/BARD1 are upregulated by genotoxic damage,
so it is possible that a graft-induced immune response in
incompatible grafts leads to DNA damage which triggers
BRCA1/BARD1.

To determine whether incompatible graft response genes were
conserved between tomato and pepper genomes, we generated
strict orthogroups between tomato, pepper, and Arabidopsis
(Table S16) and used previously published orthogroupings [27].
We then identified significantly upregulated genes (between
grafted versus ungrafted controls) with shared ortholog groupings
in both tomato and pepper (Table S17-S18). For instance, out of
the 1074 and 428 genes upregulated in the heterografted scions
of tomato:pepper and pepper:tomato at 7 DAG, there were 69
orthogroups conserved between the two species. We identified
relatively more shared orthogroups in incompatible graft samples
versus self-grafted controls, especially with respect to incompati-
ble scion samples (Fig. 5b). Even when considering the magnitude
of DEGs between samples, the number of shared orthogroups
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in incompatible tissue remains proportionately higher than than <10% of the time, supporting this data [27]. This finding
self-grafted tissue. Previous work has shown that tomato and indicates that molecular responses to incompatibility share a high
pepper reads incorrectly cross-map to each other’s genomes less degree of overlap between the tomato and pepper genomes. From
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this analysis, we identified ERF114 (Solyc03g118190/CA03g31320)
as a shared orthogroup that is upregulated in incompatible
grafts at 7, 14, and 21 DAG. ERF114 is closely related to RAP2.6 L
(RELATED to AP2.6 L; Fig. 5c), 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 [60-62]. Similar to RAP2.6 L, AtERF114 has been
shown to be upregulated under high JA and involved in graft
junctions formation [61, 63]. Incompatible-specific upregulation
of SI/CaERF114 could be explained by the role of AtERF114 in
ectopic xylem and lateral root formation in Arabidopsis [64].
This hypothesis is supported by the formation of unorganized
overproliferated xylem tissue in the incompatible grafts, many of
which produce adventitious roots (Fig. 1). These orthologs, much
like SGA biosynthesis, serve as candidate markers for detecting
incompatibility in Solanaceae.

Incompatible grafting upregulates a set of
unique defense processes

Our analyses of incompatible graft responses indicate that both
tomato and pepper upregulate strong disease resistance-related
molecular responses. To test whether this response is specific to
incompatible grafting, or whether these genes share overlapping
functions with plant immunity and defense, we compared upreg-
ulated incompatible grafting genes with published datasets of
three biotic stressors: early plant parasitism [65], insect herbivory
[66], and established necrotrophic fungal infections (47 hours
post-inoculation; [67]). We also used an arbuscular mycorrhizal
symbiosis dataset as a control for nondestructive biotic processes
[68]. Despite these processes occurring in differing tissues and
developmental stages, all datasets were moderately correlated
with all 7 DAG tomato samples (Spearman Rank average
correlation; 0.58; Fig. 6a) and we were able to identify shared
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transcriptional responses with grafted plants (Fig. 6d-g), as
well as between different biotic treatments (Fig. 6b, Table 519).
Additionally, all stressors were found to have a significant
representation factor (RF) greater than 1 with self and het-
erografted tissue; meaning that there was a significantly
increased overlap of genes upregulated in the stressed tissue

and the grafted tissue than expected by chance (Fisher’s
Exact Test with hypergeometric probability; Table S20). This
is in comparison to the arbuscular mycorrhizal fungi (AMF)
dataset, which contained 1385 significantly upregulated genes
but lacked enriched overlap with self- or heterografted tissue
(Fig. 6d).
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Amongst the three biotic stressors analyzed, the necrotrophic
fungi, Botrytis cinerea, elicited the highest transcriptional responses
with 2761 differentially upregulated genes. 223 of these genes
were also upregulated in self and incompatible grafts. 541 genes
were upregulated in only infected and incompatible grafted tissue
(RF: 2.2, Fig. 6e). Shared genes were involved in defense-related
processes such as RLKs, MAP kinases, LRR proteins, and cell
death, such as HSR4 (Solyc02g062550; Table S21; [69]). Plants
stressed with herbivory by the tobacco hornworm (Manduca sexta)
expressed 537 upregulated genes (Fig. 6f). Of these, 44 were shared
between herbivory, self-and incompatible grafted plants, 2 were
uniquely shared with self-grafted datasets (RF:5.9), and 93 were
uniquely shared with incompatible grafts (RF:1.9).

The parasitic plant, Cuscuta campestris, led to 1073 upregulated
DEGs, of which 182 are shared between parasitized, self-,
and incompatible grafted tissue (Fig. 6g). 280 genes were both
upregulated in only parasitized tissue and incompatible grafts
(RF:3.2), while 5 were upregulated in both parasitized and self-
grafted but not incompatible grafts (RF:6.4). The developmental
and anatomical processes of parasitic haustorium formation
and graft formation share strong parallels; both structures
involve tissue reunion and the patterning of newly formed
vascular connections. Given these parallels, we hypothesized
that parasitism would have the greatest overlap in DEGs with
grafted stems, which we found to be especially true for compatible
grafts (total gene overlap, RF:5.7). Surprisingly, parasitism also
shared the most significant overlap with incompatible grafts
out of all three biotic stress treatments (total gene overlap, RF:
3.4). Enriched processes in parasitized, self- and heterografted
plants include polysaccharide catabolic processes, response to
molecules of fungal origin, defense response to other organ-
isms, and cellular response to oxygen-containing compounds.
Genes from these categories include Pathogenesis-related (PR)
genes, endochitinases, chitinases, and ethylene biosynthesis
components. Genes upregulated in both parasitized tissue and
incompatible grafts were enriched for GO terms such as MAPK
cascades, regulation of defense responses, regulation of immune
response, and defense response to other organisms suggesting
that both incompatible grafting and plant parasitism elicit
interspecies defense responses.

While we identified a significant overlap between self-, incom-
patible grafts, and tissue subjected to the three biotic stressors,
we also identified a large set of genes that were uniquely upregu-
lated in grafted samples only (Figs 6¢, S16). Self- and incompatible
grafts uniquely upregulated 227 genes, and incompatible grafts
alone expressed a unique signature of 1019 upregulated genes.
These genes were enriched for GO terms including polysaccha-
ride catabolic process and anthocyanin biosynthesis, ABA/salt
stress/drought, salicylic acid perception, and response to oxida-
tive stress (Table S22). Within these genes, we identified the puta-
tive tomato ortholog to AtWRKY70 (Solyc03g095770), which func-
tions at the interface of SA and JA signaling [70], 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 [71], making this
gene an extremely interesting candidate for future studies in graft
incompatibility. In summary, we found that grafting, especially
incompatible grafts share significant genetic overlap with other
biotic stressors which trigger well-studied immune responses. We
also found that incompatible grafts elicit unique transcriptional
programming distinct from other processes such as infection or
herbivory, suggesting that novel processes are stimulated during
graft incompatibility.

Discussion

In this study, we use an expanded set of germplasm (four pepper
varieties from two different Capsicum species) to demonstrate
that tomato and pepper are broadly incompatible. This assess-
ment is based on the formation of weak graft junctions and
failed vascular reconnections between all tomato/pepper com-
binations (Figs 1, S1-S3). Notably, previous literature cited the
Doux des Landes (DDL) pepper variety as graft-compatible with
tomato [28]. This historic assessment was likely based on high
survival rates between tomato:DDL combinations. Recent work
has emphasized the role of secreted p-1,4-glucanases in initial
graft adhesion of Solanaceous species [72]. It is possible that
the DDL pepper variety has altered extracellular secretions that
reduce self-graft rates. Regardless, we demonstrated that along
with all other varieties of pepper tested, tomato-DDL grafts fail to
form xylem bridges, and as a consequence, develop biophysically
unstable junctions that fail the bend test. Based on our findings,
we emphasize the importance of verifying anatomical connec-
tivity when diagnosing graft compatibility, and we recommend
additional analyses investigating xylem formation and long-term
productivity, to unambiguously assess compatible combinations.
For all of the heterografts tested, we also were able to show
that vascular bridges were not formed and growth was reduced
(Figs 1, 51-53).

In order to analyze cell death in the graft junction, we tracked
the percent of NVT during the first 3 weeks postgrafting (Fig. 2).
All grafts exhibited elevated NVT at 7 DAG, compatible grafts
exhibited reduced NVT at 14 and 21 DAG, while incompatible
grafts maintained the same percentage of NVT over time.
Historically, cell death in the graft junction has been referred to as
necrotic tissue [73]. We believe that this term fails to capture the
true nature of the cellular death within an incompatible graft.
Unlike necrosis, which is uncontrolled acute cell death, PCD is
an important genetic mechanism that allows for selective cell
destruction. In addition toits function in developmental processes
(e.g., tracheid and vessel element maturation), PCD plays a
central role in defense, including HR. To investigate the cause of
sustained NVT in incompatible grafts and to determine if PCD was
involved, we used RNA-seq to analyze the molecular signature
of compatible versus incompatible grafts (Fig. 3). In addition to
the incompatible grafts displaying a prolonged transcriptional
response up to 21 DAG compared to self-grafts, genes upregulated
at these time points were enriched for processes associated with
defense. Of these upregulated incompatible genes were many
NLRs (Fig. 4). NLRs form complexes that monitor both effector
presence and effector mediated changes to other proteins; when
activated, NLRs trigger ETI and downstream defense responses
[74]. NLRs can also self-activate, triggering an inappropriate
immune response [75, 76]. This phenomenon was originally iden-
tified as a type of genetic incompatibility present in F1 offspring
of interspecific crosses, leading to the name “hybrid necrosis”
[77]. Plants executing this immune response display cell death
lesions, reduced growth, yellowing, and even complete death
[78]. This phenomenon is now attributed to an autoactivated
immune response. The neofunctionalization of NLRs in individual
species has led to expanded and diverse families, which when
crossed can interact deleteriously, activating defense responses in
a similar mode to pathogen triggered defense [76]. The expression
of NLRs must remain tightly controlled, since upregulation leads
to serious growth penalties [79]. Furthermore, overexpression
of NLRs can be sufficient to activate autoimmunity [80].
Like instances of plant autoimmunity, we found significant
upregulation of the NLRs from both tomato and pepper in
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incompatible grafts [81]. It is possible that components of
the immune systems are scion-to-stock graft-mobile, thus
triggering an immune response which broadly upregulates
NLRs in the incompatible grafted stocks leading to a type of
autoimmunity induced cell death. This would be the first instance
of autoimmunity triggered by physical rather than reproductive
genomic combinations. Given that the graft junction is composed
of aninterspecific fusion of tissues, where the genetic information
of tomato and pepper are in intimate proximity, it is logical
that grafting could elicit an immune response. Indeed, this idea
has been posited before by Dontcho Kostoff in 1928, where he
questioned the ability of interspecies grafts to generate antibodies
[73, 82]. While we now know that plants do not poses the
Immunogenic capacity to generate antibodies, this work supports
a hypothesis of complex non-self detection in interspecies grafted
plants.

We found that the cell death present in the junction shared
genetic similarities to HR. HR requires salicylic acid and a core set
of genes PAD4, SAG101, and EDS1 in Arabidopsis. We found that
most of the orthologs to these regulators, in addition to SA respon-
sive genes, were upregulated in incompatible grafts compared
to self-grafted controls (Fig. 4, S14a). Future work investigating
the role these genes play in tomato-pepper graft incompatibil-
ity will further elucidate this graft-immunity phenomenon. Our
molecular evidence points to a model in which tomato-pepper
graft incompatibility is caused by an immune response activated
by incompatible immune systems, which triggers cell death in
the junction. This immune response and subsequent cell death
within the junction likely interferes with the proper signaling
and nutritional coordination required by the scion and stock to
heal the graft. An alternative hypothesis is that the immune
response follows a failed physiological reconnection of grafted
tissues. Further work looking at the early temporal healing will
help resolve these processes.

We also identified a set of shared orthologs that are upregu-
lated in both the tomato and pepper genomes during incompati-
ble grafting. Further analysis of these shared orthologs may help
to identify genetic markers for incompatibility in Solanaceae and
beyond (Fig. 5).

Lastly, to explore the genetic fingerprint of graft incompati-
bility, we compared upregulated genes from compatible grafts,
incompatible grafts, and three biotic stress datasets (herbivory,
fungal infection, and plant parasitism; Fig. 6). We identified an
overlap between grafting and these biotic stressors, with a signifi-
cantly pronounced overlap of upregulated genes between grafting
and plant parasitism. Given that the formation of the parasitic
haustorium and the graft junction both require inter-specific
tissue coordination leading to vascular reconnection, it is logi-
cal that the two processes share molecular machinery [83]. The
similarity between these two phenomena, both genetically and
physiologically, will require future research to fully explore. This
analysis revealed over 1000 uniquely upregulated genes that are
expressed in incompatible grafts, including DNA damage repair
genes, BRCA1 and BARD1 (Fig. 6¢).

Conclusion

Previous work has shown NLR overactivation can induce DNA
damage via EDS1 [58]. In a similar process, we propose that
tomato and pepper grafting elicits an immune response, which
upregulates hundreds of NLRs, and induces the accumulation
of NVT in incompatible graft junctions. Further supporting our
model, these incompatible grafts shared a unique upregulation
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of DNA damage repair and HR-related genes that are associated
with immune responses. From this analysis, we have identified
a cross-species induced immune response as the likely cause for
tomato-pepper graft incompatibility and cell death.

Materials and methods
Plant materials and growth conditions

C. annuum var. California Wonder (CW), RC Cayenne (Cayenne),
Doux des Landes (DDL), and C. chinense var. Habanero and C.
chinense (pepper), and S. lycopersicum (tomato) seeds were used
for graft compatibility screening (Method S1). 21-day-old pepper
seedlings and 14-day-old tomato seedlings were grafted (Method
S2 and S3).

Characterizing graft compatibility

30 DAG, the vascular connectivity of tomato and pepper junctions
were assayed using propidium iodide staining (Method S4). Graft
junction integrity was tested using manual bending [27]. (Method
S5). C. annuum var. CW and S. lycopersicum Var. M82 were used
to conduct three-point bend tests at the University of Delaware.
Structural mechanics of the graft junction were assessed by three-
point bend testing (Method S6) [84-86].

DAMP assay

Hypocotyl explants from C. annuum var. CW and S. lycopersicum
Var. M82 were placed on callus-inducing media for 7 days (Method
S7). The hypocotyl tissue was then placed onto media which
either previously cultured tomato or pepper tissue for 7 additional
days. The area of the explants was measured after 7 days on the
experimental media.

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

C. annuum var. (CW) and S. lycopersicum Var. M82 were grown as
described above. Thirty-six of each tomato and pepper species
were left ungrafted. The rest of the plants were grafted as
described above in the following combinations: 50 tomato:tomato,
50 CW:CW, 70 tomato:CW, and 70 CW:tomato. Ungrafted CW and
tomato plants were included in the recovery procedure. Plastic
domes were vented 7 DAG and removed 14 DAG.

Trypan blue staining

Stems from 7, 14, 21 DAG, and ungrafted plants were collected
and stained with 1% Trypan Blue, as previously reported (Method
S8; [87]).

TUNEL assay

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

Transcriptomic analysis

C. annuum var. CW and S. lycopersicum Var. M82 were grafted,
as previously described. A 0.5 cm of the junctions of 7, 14, 21
DAG, and ungrafted plants were collected from five biological
replicates for each sample. Each piece of tissue was flash-
frozen and ground with a mortar and pestle. Total RNA was
purified and 3’ Seq libraries were constructed at the Cornell
Institute of Biotechnology, Biotechnology Resource Center, and
the libraries were sequenced on an Illumina NextSeq 500/550
using an Illumina High-output kit (Method S10). Fasta files
were processed to yield raw reads and differential expression
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analysis was performed using DESeq2 (Method S10; [88]). Putative
orthogroups were determined using OrthoFinder with Diamond
as the sequence search program (Method S11; [89, 90]). Publicly
available RNA-seq data were downloaded and processed to yield
raw read counts (Method S12).

Statistical analysis and image analysis

All statistical computation and graph generation were performed
in Rv4.1.2 [91] (Method S13).
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