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Abstract

As sessile organisms, plants have developed intricate strategies to interact with their environment,
including a variety of plant-plant interactions that range from mutualistic to antagonistic. Among
these interactions, plant grafting stands out as a significant horticultural technique for enhancing
productivity, disease resistance, and stress tolerance. Despite its widespread application, the
mechanisms underlying graft compatibility remain poorly understood. This review explores the
diverse field of plant-plant interactions, focusing on parallel mechanisms from other systems that
may explain how “non-self” is determined during graft incompatibility. We first discuss the role of
inter-plant signaling and the possibility of exudate-regulated compatibility. Next, we identify
similarities between the parasitic plant haustoria and graft junctions, offering valuable insights into
overcoming immunologic and physiologic barriers during vascular reconnection. We then delve into
the potential roles of wound signaling and damage-associated molecular patterns (DAMPs) in
grafting. Lastly, we provide an overview of pollen self-incompatibility as a case study for the
detection of non-self throughout the plant kingdom. Overall, this review underscores the need for
interdisciplinary approaches to unravel the complexities of graft compatibility, suggesting that future
research should integrate knowledge from various fields of plant-plant interactions to improve the
utilization of grafting and expand graft compatibility.

Keywords: grafting; graft compatibility; plant-plant interactions; parasitic plants

Introduction

Plants must employ a wide range of strategies to respond to their constantly changing
environment. Much like animal systems, plants encounter a diverse array of friends and foes, and it
is critical that complex surveillance systems are in place to identify foreign organisms as “non-self”
(Janeway, 1992). Furthermore, it is key that appropriate responses are elicited to defend against or
promote these interactions.

One of the most well-studied areas of plant biology revolves around the response of plants to
pathogens. Significant progress has been made in understanding the plant immune system, whether
bacteria-, fungi-, or insect-mediated. Overlapping with research on insect pathogens, the field of plant
wound response has also shed significant light on the role of cellular damage as a mobile signal. In
addition to pathogens, plants respond to other plants during plant-plant interactions. During
infestation by parasitic plants that leach water and nutrients from their hosts, hosts must fend off
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enemies within the same kingdom, thereby allowing the evolution of plant-inclusive immune
surveillance machinery. In addition to plant parasitism, plants interact with one another for various
reasons, such as protecting against self-pollination, allocating resources, and signaling.

One additional type of plant-plant interaction is plant grafting. The origins of plant grafting are
ancient, thought to have originated in oak (Quercus spp.), where pressure over time can force two
neighboring branches together (Mudge et al., 2009). Similarly, natural grafting of tree roots occurs in
oak and yellow birch (Betula alleghaniensis), where density forces nearby roots to press against one
another, exposing their vascular tissues to one another (Mudge et al., 2009). While both instances are
natural, evolved processes driven by the necessity of wound healing, humans have co-opted these
processes to generate grafted plants for commercial use. The apical portion of a graft is referred to as
the scion, and the root system as the rootstock. Grafting is an effective strategy used across a wide
range of species, including trees and herbaceous crops, to enhance productivity and resilience
(Goldschmidt, 2014). Grafting can be used for various purposes, such as inducing dwarfism to
improve planting and harvest practices. For example, the “M9” rootstock is one of the most
commonly used dwarfing varieties in apple (Malus domestica), where auxin signaling underlies the
reduced stature of the grafted scion (Li et al., 2024). Grafting can be a strategy to improve fruit
production, such as through graft-induced vigor. In Arabidopsis thaliana and Tomato (Solanum
lycopersicum), mshl mutant rootstocks have been shown to induce vigor via root-to-shoot-mobile
siRNA, which regulates methylation of phytohormone genes in the scion and subsequent progeny
(Kundariya et al., 2020). Grafting is also used to improve disease resistance. Among many examples,
the well-known use of the North American grape (Vitis labrusca) rootstocks prevented the complete
destruction of European wine cultivars (Vitis vinifera) by the invasive phylloxera insect pathogen
(Mudge et al., 2009). Lastly, grafting is a key technique to promote abiotic stress tolerance. Interspecies
grafting of S. peruvianum or S. habrochaites rootstocks with S. lycopersicum scions can be used to
promote temperature-related stress tolerance (Venema et al., 2008, Lee et al., 2024). While grafting
requires combining genetically distinct plants to achieve these processes, the mechanism that enables
the joining of plant varieties, species, and sometimes even families remains poorly understood.

For two plants to be successfully grafted, substantial vascular connections must form between
the scion and the rootstock (Thomas et al., 2022). These successful grafts are known as compatible. In
contrast, incompatible grafts may fail to regenerate or regenerate only non-vascular tissue (Thomas
et al., 2023). Historically, understanding graft incompatibility was limited by the lack of an herbaceous
model system. Recent work in Arabidopsis has identified many novel genes involved in grafting
(Melnyk et al., 2018), and the development of tomato and pepper as a model for graft incompatibility
has dramatically expanded the field (Thomas et al., 2022; Thomas et al., 2023). Despite this, much
remains unknown about how plants detect graft partners and determine compatibility status.

Drawing from various fields of plant-plant studies, new information has recently been
uncovered that may be relevant for a better understanding of plant grafting. This review aims to
describe the phenomenon involved in plant-plant interactions, the processes that mediate “non-self”
determination, and reveal parallel mechanisms that may regulate graft healing and compatibility.

Plant-plant interactions allow plants to perceive non-self counterparts and initiate appropriate
responses. A notable instance of such interactions is grafting, where distinct plant varieties are cut
and joined, then allowed to heal. However, not all combinations succeed, a phenomenon referred to
as graft compatibility. The criteria for determining compatibility remain elusive; nonetheless, plant-
plant interactions may elucidate the mechanisms underlying non-self detection and response during
grafting. Communication between plants can involve root exudates or airborne signals. Similar to
plant-pathogen interactions and responses to injury, plants have developed sophisticated
surveillance and signaling systems to defend against threats. Parasitic plants represent one of the
most obvious cases of negative plant-plant interactions, whereby hosts attempt to elicit immune
responses to repel parasites, while parasites endeavor to circumvent these defenses and establish
vascular connections. In this capacity, parasitic plants demonstrate a high degree of compatibility,
forming vascular connections with diverse host species. Furthermore, different plant species employ
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varied mechanisms to recognize self-pollen through self-incompatibility. These examples collectively
illustrate the myriad ways in which plants can detect non-self entities, suggesting that analogous
mechanisms may underpin the determination of graft compatibility.

Grafting ﬁa‘

Interplant communication

— ~—y

Plant parasitism

Plant pathogens
Wound response

Self-incompatibility

Figure 1. Diverse plant-plant interactions highlight mechanisms of non-self detection in the Plant
Kingdom.

Inter-Plant Communication

The Rhizosphere and Root Exudates

Plants interact with other plants through a wide array of secreted compounds. Some of these
exudates are released from the roots and have been shown to regulate the rhizosphere by affecting
the chemical ecology of the surrounding soil. For example, well-studied beneficial microbial
associations, such as those involving rhizobia, are promoted by plant-secreted flavonoids (Peters et
al., 1986). Plants can also secrete compounds, such as coumarins (Steinauer et al., 2016), that promote
beneficial microbes while inhibiting pathogens (Huang et al., 2019, Hu et al., 2018, Stringlis et al., 2018).
The rhizome can also protect aerial plant parts from disease, a process known as induced systemic
resistance (ISR) (Pieterse ef al., 2014). The presence of certain root-associated mutualists, such as
Trichoderma spp., can prime the plant immune system for subsequent pathogen infection, further
underscoring the important role of the root system in plant health and protection (Walters et al., 2013).

Root exudates can also directly affect neighboring plants (Sorty et al., 2025). Beneficial
associations include intercropping-induced mutualistic resource allocation (Si et al., 2025) or floral
timing cues from neighboring plants (Stirnemann & Sasse, 2025). However, root exudates can also
act as plant inhibitors by repressing seed germination or root growth (Sorty et al., 2025). Chemically
mediated negative plant-plant interactions are known as allelopathy. These instances of inhibition
can prevent parasitic plant invasion (Cimmino et al., 2015), protect limited soil resources (Gattullo et
al., 2018), or help a plant to dominate the canopy for light (Kegge et al.,, 2015). For example,
benzoxazinoids are secreted by many grasses to inhibit the growth of neighboring plant species
(Schandry & Becker, 2020). Two such compounds are 4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one
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(DIBOA) and 4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA). Analysis of various
wheat grasses (Triticeae spp.) found that exudates from T. durum resulted in a 60.3% inhibition of
Sinapis alba root growth, with 69.4% of that effect estimated to be due to DIBOA and DIMBOA,
validating the strong phytotoxic effect of root exudates (Belz & Hurle, 2005).

While root systems regulate the rhizosphere of ungrafted plants, the same principle applies to
grafted plants, where beneficial phenotypes arise from root-specific interactions with
microorganisms. In grafted plants, interactions between the rootstock and the scion can be seen as an
intimate form of plant-plant interaction. For example, the rootstock's ability to regulate the root
microbiome is hypothesized to contribute to graft-induced vigor of the scion (Williams et al., 2021).
Indeed, during tomato grafting, the use of the F1 hybrid “Maxifort” (S. lycopersicum x S. habrochaites)
rootstock was found to increase rhizosphere microbial biodiversity compared with self-grafted or
ungrafted tomato (S. lycopersicum). Similarly, in grafted grape and apple, different rootstocks were
found to affect soil microbial communities. In apple, vigorous rootstocks were found to promote a
more diverse bacterial microbiome than the dwarfing M9 (Liu et al., 2018), while grape rootstocks
contained bacteria associated with growth-promoting traits (Marasco et al., 2018). This phenomenon
has been hypothesized to result from the evolution of holobionts, in which rootstock and microbes
may have co-evolved. Through grafting, these beneficial relationships can regulate the scion of other
varieties and cultivars. In contrast, grafted partners may utilize exudates to repress healing. The
presence of graft-limiting metabolites has been hypothesized for decades (Mudge et al., 2009), yet
only a single instance of metabolic graft incompatibility has been clearly studied: quince-pear grafts.
Quince (Cydonia oblonga) is commonly used as a dwarfing rootstock to pear (Pyrus communis)
(Browning & Watkins, 1991); however, several economically valuable pear varieties, such as
“Williams”, are graft-incompatible with quince (Tomaz et al., 2009; Herrero, 1951). This was
attributed to high levels of the cyanogenic glucoside prunasin in quince rootstocks (Sanchez-Pérez et
al., 2012). Because prunasin is phloem-mobile, it accumulates at the pear graft interface, where it is
degraded by [-glucosidase, prunasin hydrolase, leaving behind the toxic byproduct, hydrogen
cyanide (HCN) (Sanchez-Pérez et al., 2012), which leads to cell death and vascular degradation at the
graft junction. Quince-pear incompatibility was successfully overcome using interstock grafting with
the pear variety, “Old Home”, which contains the enzyme inhibitor capable of halting prunasin
breakdown (Hudina et al., 2014).

Much like the ability of certain rootstocks to positively regulate scion growth through graft-
induced vigor, it is possible that chemical exudates, metabolites, or other effects by the rootstock can
dysregulate the scion either through response to a secreted compound, such as allelopathy, or by
altering the rhizosphere such that necessary nutrients or microbe-interactions are limited. The
communication between rootstock and scion has not been well studied and may be involved in
compatibility determination. Furthermore, it is well established that root exudates can inhibit the
growth of neighboring plants, suggesting that other root- or scion-derived compounds might also
impair graft healing. In the study of allelopathy, root exudates from plant cultures are screened for
phytotoxic effects (Bais et al., 2006). When exudates containing putative allelopathic compounds are
identified, the components of the exudate mixtures are analytically separated, and the inhibitory
effect is individually validated. Perhaps a similar protocol could be used to screen incompatible graft
combinations for toxic metabolites. An attempt to profile metabolic inhibition of callus formation in
tomato and pepper was conducted using culture media contaminated with cross-species exudates,
but no effect was observed (Thomas et al., 2024). However, the role of exudates on graft healing
remains poorly explored.

Volatile Organic Compounds

Plants also release volatile organic compounds (VOCs), which allow inter-plant communication.
One of the most well-studied VOCs is methyl jasmonate, a volatile gaseous derivative of jasmonic
acid (JA). Jasmonates are released by shoots and roots (Kulkarni et al., 2024), especially after
wounding, and are key regulators of defense against herbivory (Howe & Jander, 2008; Glauser et al.,
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2008). JA has been shown to be present in wheat root exudate and sensed by up to 100 plant species,
making it a broadly applicable plant-plant communication signal (Kong et al., 2018). Jasmonates also
move within tissues from shoot to root along the vasculature and cell-to-cell in nonvascular tissue,
sending distal wound signals that induce de novo biosynthesis in unwounded tissue (Gasperini et al.,
2015).

Additionally, jasmonates are involved in localized tissue healing. In Arabidopsis, partial
wounding to the floral hypocotyl led to high auxin/low JA above the wound, and low auxin/high JA
below (Asahina et al., 2011). Low auxin and high JA induced the expression of Related to APETALA2.6-
like (RAP2.6L), which is necessary for wound-induced cell proliferation (Matsuoka et al., 2018). While
JA is critical for healing and is indeed upregulated during grafting in Arabidopsis, the JA-biosynthesis
mutant, allene oxide synthase (a0s), was still capable of grafting, suggesting the exact role of JA during
graft healing is more complex than wounding alone (Matsuoka et al., 2018, Kong et al., 2018).
Regardless, it has been shown that JA is graft-mobile (Kong et al., 2018) and present in the cambium
(Sehr et al,, 2010), making it a potential plant-plant communication signal relevant to graft
compatibility. And indeed, during Solanaceous grafting, incompatible tomato-pepper (Capsicum
annuum) grafts had an upregulated JA response, including the production of JA-dependent defensive
metabolites, steroidal glycoalkaloids (SGA) in the scion (Bai et al., 2025, Thomas et al., 2024).

Plant-Plant Comunication Graft Comunication

Guaft induced vigor
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Figure 2. Plants promote and inhibit neighboring plants through various signals.

Plants communicate with adjacent plants through numerous compounds (left). Root systems
may secrete substances that promote beneficial microbes while inhibiting pathogens. These beneficial
microbes not only supply nutrients to plants but can also prime the aerial shoot via induced systemic
resistance (ISR). These exudates can further promote or inhibit the germination or growth of
neighboring plants. Wounds, such as those caused by insect herbivory, produce mobile signals such
as jasmonic acid (JA), which can travel through vascular tissue, cell-to-cell, as soil exudates, or even
through the air. Furthermore, grafted rootstocks interact with their scions in similar manners (right).
Rootstocks can modulate the rhizosphere and enhance growth by improving nutrient uptake.
Rootstocks also send graft mobile signals, such as siRNA, into the scion, where gene regulation
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influences growth and development. The accumulation of hormones during grafting regulates the
healing process, while unidentified metabolites may suppress regeneration. As grafting is a wound-
healing process, volatile organic compounds (VOCs) such as jasmonic acid (JA) might also regulate
nearby plants.

The Immune System and Graft Compatibility

Drawing on hundreds of years of plant-pathogen interactions, recent findings have identified
novel instances of plant-plant immune response. A fundamental aspect of this response is the ability
of plants to distinguish 'self' from 'non-self' (Sanabria et al., 2010). In animals, a complex immune
system identifies foreign organisms through mobile, rapidly responding innate and adaptive
immune cells (McComb et al., 2026). Adaptive immune cells exhibit a delayed response and
immunological memory from prior encounters with specific antigens, enabling extreme precision in
response (McComb et al., 2026). Whereas plants employ a more ancestral immune system based fully
on innate immunity. This system relies largely on broad, non-specific responses, which have helped
plants to adapt to biotic stressors, such as bacteria, fungi, insects, and herbivores (Miller et al., 2017,
Abdul Malik et al., 2020). In plants, non-self recognition is mediated by two systems: pathogen-
associated molecular pattern-triggered immunity (PTI) and effector-triggered immunity (ETI).

The first layer of defense is PTI, which comprises extracellular receptors known as pattern
recognition receptors (PRRs) that detect microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs), herbivore-associated molecular patterns (HAMPs), and damage-associated
molecular patterns (DAMPs). When these molecules are bound by PRRs, a cascade of processes is
activated, such as reactive oxygen species (ROS) burst, Ca?* influx, the activation of mitogen-activated
protein kinases (MAPK) cascades, and callose induction, to name a few (Bigeard et al., 2015, Yu et al.,
2024). Plant PRRs are molecule-specific, cell surface-localized receptor kinases that often co-bind with
more broadly employed receptors, such as BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1)
(DeFalco & Zipfel, 2021).

The second layer of defense is ETI. ETI is an intracellular response in which pathogenic proteins,
known as effectors, are sensed by intracellular nucleotide-binding and leucine-rich repeat receptors
(NLRs), sometimes known as R genes. Effectors aim to evade the plant immune system and instead
deactivate certain components of the immune response, making the plant susceptible to infection.
Each R gene has evolved to bind to one or a few corresponding effectors, leading to a stressor-specific
response (Dodds & Rathjen, 2010, Sanabria ef al., 2010). Once perceived, effectors can activate
hypersensitive response (HR)-related programmed cell death (PCD) in local tissue or trigger systemic
acquired resistance (SAR)-mediated salicylic acid (SA) production systemically to prevent infection
throughout the plant (Sanabria et al., 2010).

Pathogens

During PTI, PAMPs signal the plant immune system of potential infection. Several PAMPs have
been extensively studied, such as bacterial flagellin (flg22) (Felix et al., 1999), lipopolysaccharides
(LPS) (Newman et al., 1995), peptidoglycan (PGN) (Gust et al., 2007), exopolysaccharide (EPS), and
elongation factor Tu (EF-Tu) (Kunze et al., 2004) as well as fungal chitin (Felix et al., 1993) and (-
glucan (Umemoto et al., 1997). Each PAMP has a main PRR that triggers downstream processes, such
as flg22-FLAGELLIN SENSING2 (FLS2) (Chinchilla et al., 2006) or chitin-CHITIN ELICITOR
RECEPTOR KINASE 1 (CERK1) (Miya et al., 2007). PTI manifests as an activated immune system. For
example, pretreatment with flg22 in Arabidopsis leads to an increased resistance to Pseudomonas
syringae pv. tomato DC3000 (Pst) due to the defensive production of extracellular ROS, and activated
defense genes (Zeidler et al., 2010, Wang et al., 2023), such as WRKYs (Logemann ef al., 2013), and
JA/SA biosynthesis (Zhang et al., 2010, Feys et al., 1994). A mutation in any of these PRRs leaves plants
susceptible to infection by disrupting their ability to mount a rapid immune response.

Most work on PTI is based on local signaling, but recent studies have shown that chitin
perception in soil induces PTT in leaves, such as Ca?" influx and ROS induction (Makechemu et al.,
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2025), highlighting a long-distance component. Although the systemic signal was not identified, they
showed that this effect was graft-mobile in Arabidopsis, suggesting that inducing PTI in rootstocks
may be a novel strategy for protecting susceptible scions.

While PTI tends to elicit local responses, ETI is known to elicit greater-intensity, larger-scale,
long-lasting responses. When NLRs bind to pathogenic effectors, they form large protein complexes
known as resistosomes (Makechemu et al., 2025). These complexes then form and activate diverse
processes, but most utilize an influx of intracellular Ca? to trigger transcriptional changes or even
HR. One of the critical outputs of ETI is SAR, in which the perception of a pathogen in one location
confers disease resistance in distant, non-infected tissues. SA is a key component of this response. In
1985, experiments with grafted cucumbers (Cucumis sativus) showed that infection of rootstock leaves
with the fungus Colletotrichum lagenarium could confer anthracnose resistance in the scion via a
mobile signaling element (Dean & Kuc, 1986). Since then, the mode of transport for this signal has
been mostly clarified to be the phloem (Kiefer & Slusarenko, 2003), with several signals posited as the
mobile element. Originally thought to be SA itself (Malamy et al., 1990, Metraux et al., 1990), it is now
suggested that N-hydroxy-pipecolic acid may be the true cue, due to its necessity in SAR (Chen et al.,
2018) and presence in the phloem (Schnake ef al., 2020). Throughout this research timeline, grafting
has played an integral part in our understanding of SAR. Indeed, graft experimenters were able to
not only show that SAR moves from the site of infection to the distal leaves (Guedes et al., 1980), that
the original infected leaf is the source of the mobile signal (Metraux et al., 1990), but that SA was not
the mobile signal due to the ability of SA-deficient nahG tobacco (Nicotiana tabacum) rootstocks to still
confer SAR in grafted scions (Dean & Kuc, 1986). Despite its early involvement in the field of SAR,
only a few studies (Makechemu et al., 2025, Jensen et al., 2012) have investigated how graft mobile
immune signaling might be used to confer graft-induced disease resistance. While grafting remains
a key technique for conferring localized disease resistance in the soil (Louws et al., 2010), the presence
of non-autonomous graft-mobile immune signals is a poorly investigated area with potential for
future advancements.

Parasitic Plants

Recently, progress in the study of how plants detect and defend against parasitic plants has
highlighted that immune processes originally identified in disease also operate during plant
parasitism. Parasitic plants have evolved a structure known as a haustorium, capable of penetrating
into the plant vascular system and extracting not only water and nutrients, but also transferring
signaling molecules between the parasite and host through the haustoria (Kim & Westwood, 2015,
Shen et al., 2023). Parasitic plants, including the well-studied Striga spp., Orobanche spp., and Cuscuta
spp., are considered serious threats to crops. Most host plants fail to detect these invading parasites,
making numerous crops susceptible to infestation. Because parasitic plants can impact yield, research
has focused on identifying R genes in resistant species.

Cuscuta spp. are incredibly destructive plants that draw water and nutrients from their host’s
stem. Unlike most hosts, domesticated tomato is resistant to Cuscuta reflexa (Kaiser et al., 2015). During
infestation, tomato elicits an immune response that induces the production of SA and JA (Runyon et
al., 2010) and triggers HR in the cells where haustoria have penetrated (Albert et al., 2004, Ihl. et al.,
1988). It was later found that extracts from C. reflexa contained a glycine-rich cell wall peptide, coined
Crip21 (Hegenauer et al., 2020), which could trigger typical PTI responses, such as a ROS burst, via a
cell surface PRR, CUSCUTA RECEPTOR 1 (CuRel) and the co-receptor SISOBIR1 (Hegenauer ef al.,
2016).

In the Orobanche cumana-Helianthus annuus (sunflower) interaction, in which O. cumana
penetrates the sunflower root to enter the vascular system, recent work has shown that resistance to
O. cumana can be conferred by a member of the sunflower Or gene family, HaOr7 (Duriez et al., 2019).
Similar to PRRs, which perceive pathogens, HaOr7 is a LEUCINE-RICH REPEAT RECEPTOR-LIKE
KINASE (LRR-RLK) and a predicted homolog of Xa21 in rice (Song et al., 1995). In rice, Xa21 is key
for resistance to Xanthomonas oryzae pv. Oryzae (Xoo) by recognizing the bacterial peptide, Ax21 (Park
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& Ronald, 2012). Due to the sequence homology, HaOr7 is predicted to act as a PRR by binding to a
hypothetical O. cumana peptide deemed Avr (Avirulence)-Or7.

These two examples demonstrated the presence of plant PAMPs, suggesting that plants have
likely evolved the ability to detect non-self plant interactions through cell-surface receptors, much as
they detect microbes and insects. Similarly, in the same way that pathogens deliver pathogenic
effector proteins capable of disarming the plant immune system, a process that plants counteract
through the evolution of NLRs, parasitic plants also behave in a similar way.

Evidence for parasitic plant effectors was first identified in Striga, an aggressive root parasite of
the forage crop cowpea (Vigna unguiculata L. Walp.), where the resistant cultivar B301 (Timko. et al.,
2007) suddenly became susceptible to Striga gesnerioides race 4 (SG4) (Huang et al., 2012). This
phenomenon exemplified the gene-for-gene model underlying R gene evolution (Flor, 1971).
Furthermore, it was later shown that B301 resistance to S. gesnerioides race 3 (SG3) was conferred by
the NLR RSG3-301, although the effector remains unidentified (Li & Timko, 2009). Similarly, an SG4
effector protein, Suppressor of Host Resistance 4z (5G4z), was identified as highly expressed in the
haustorium and capable of attenuating the HR required for resistance (Su et al., 2020). Here, the
effector was found to bind the cowpea ubiquitin E3 ligase POB1, VuPOB], a regulator of HR (Su et
al., 2020).

In contrast to pathogen-derived molecules, it has also been shown that parasitic plants can
perceive host-derived molecular patterns. The quinone, 2,6-dimethoxy-1,4-benzoquinone (DMBQ), is
perceived by the LRR-RLK CANNOT RESPOND TO DMBQ 1 (CARD1) (Laohavisit et al., 2020).
Unlike PTI, which induces anti-pathogenic processes, DMBQ perception by CARD1 in
Phtheirospermum japonicum induced Ca?*-mediated haustorium induction. Interestingly, in non-
parasitic Arabidopsis, DMBQ could also be perceived, leading to Ca?* influx and MAPK induction, but
not ROS, suggesting that quinone sensing is also involved in plant immunity, but does not overlap
with PTI. Previous work identified quinones as stomatal regulators (Toh ef al., 2018), and indeed,
cardl mutants were perturbed in stomatal immunity and more susceptible to Pseudomonas syringae
pv. tomato DC3000 infection than WT (Laohavisit et al., 2020).

While PTI and ETI were originally considered pathogen-specific processes, it is now clear that
plant PAMPs and effectors also exist. This opens the intriguing possibility that graft compatibility
has an immunity-controlled basis. Further supporting this, incompatible tomato-pepper grafts
exhibit graft-localized cell death and upregulation of hundreds of rootstock NLRs, suggesting that
this pairing reflects genetic incompatibility that induces NLR-mediated cell death (Thomas et al.,
2024). The signal that induces this process remains unknown, but species-specific proteins may
trigger immune responses leading to immunologically mediated cell death.

An alternative hypothesis for tomato-pepper incompatibility focuses on the significant
similarities between this genetic graft incompatibility and hybrid necrosis (Hollingshead, 1930),
which occurs when hybridized species have incompatible immune components, usually involving at
least one NLR (Bomblies et al., 2007). Although observed in many plants, including Crepis spp.
(Hollingshead, 1930), rice (Oryza sativa) (Yamamoto et al., 2010), Nicotiana (Yamada & Marubashi,
2003), wheat (Triticum aestivum L.) (Chu et al., 2006), and Capsella spp. (Sicard et al., 2015), hybrid
necrosis was most clearly described in Arabidopsis, where crosses between Cdm-0 and other
accessions, such as TueScha-9, led to severe necrosis in the cotyledon stage (Barragan et al., 2021).
This instance of hybrid necrosis was found to be due to the presence of a truncated singleton NLR,
DANGEROUS MIX 10 (DM10), in Cdm-0, which, when crossed with accessions containing DM11,
triggered SA and JA production, upregulated hundreds of NLRs, and eventually led to cell death
(Barragan et al., 2021). Interestingly, tomato-pepper incompatible grafts were also found to have
upregulated SA and JA signaling, upregulated NLRs, and graft junction-specific cell death (Thomas
et al., 2024). During grafting, tissues from two individuals are in such close proximity that there is a
high chance of genetic exchange at the graft interface, and indeed, RNA (Thieme et al., 2015), DNA
(Stegemann & Bock, 2009), extracellular circular DNA (Zhang et al., 2024), organelles (Hertle et al.,
2021), and even entire nuclear genomes (Fuentes et al., 2014) can be horizontally transferred between
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cells at the graft interface. Therefore, similar mechanisms that control hybrid necrosis may also
influence interspecies graft compatibility, in which components of separate immune systems, when
mixed within a single cell, lead to cell death.
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Figure 3. The plant immune system can detect non-self plants during parasitism

(Top left) Detection of non-self plants can occur through effector-triggered immunity (ETI). The Striga plants
parasitize the roots of cowpea. S. gesnerioides race 4 evades the plant immune system by secreting an effector
protein, SG4z, in the haustorium that targets the host gene, POB1, which is required for hypersensitive response
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(HR). In contrast, resistance to S. gesnerioides race 3 is attributed to a host NLR, RSG3-301, which induces HR to
prevent parasitic colonization; however, the specific effector protein of Striga remains unidentified. (Bottom)
Additionally, detection of non-self plants also involves PAMP-triggered immunity (PTI). PAMPs from parasitic
plants, such as Crip21 from C. reflexa, are recognized through tomato PRR, CUSCUTA RECEPTOR 1 (CuRel).
Similarly, an unknown PAMP from O. cumana, designated AvrOr7, activates PTI via the sunflower receptor
HaOr7. The induction of PTI encompasses Ca?* influx, apoplastic reactive oxygen species (ROS) production,
MAP kinase (MAPK) activation, and transcriptional regulation including the synthesis of defensive hormones.
(To right) Furthermore, plants also perceive non-self stimuli through quinone sensing. 2,6-dimethoxy-1,4-
benzoquinone (DMBQ) is detected by the host LRR-RLK CANNOT RESPOND TO DMBQ 1 (CARD1), which
initiates Ca?* influx and MAPK activation. Transcriptional responses to DMBQ result in stomatal closure, thereby
safeguarding Arabidopsis against bacterial invasion. Conversely, host-derived DMBQ also functions as a cue for

haustorium induction in P. japonicum.

Small RNAs, Gene Silencing, and Graft Mobile Technology

Although distinct from PTI/ETI, another mechanism that parasitic plants and pathogens use to
evade detection involves small RNAs (sRNAs). sSRNAs regulate gene silencing by targeting mRNA
for cleavage or epigenetic regulation. It was shown in tomato and Arabidopsis that infection with the
fungus Botrytis cinerea led to the production of pathogenic sSRNAs that could “hijack” the host
AGONAUT1 (AGOL1) protein and degrade host immune genes via RNA-interference (RNAI)
(Weiberg et al., 2013). Similarly, Cuscuta campestris was found to produce 22 nt microRNAs capable
of targeting Arabidopsis mRNA, resulting in mRNA cleavage of genes involved in growth and
defense, such as BOTRYTIS-INDUCED KINASE 1 (BIK1) (Lu et al., 2010). In contrast, host-induced
gene silencing (HIGS) occurs when transgenic small interfering RNA (siRNA) is introduced into the
host, targeting and degrading pathogen mRNA (Baulcombe, 2015). All these examples suggest that
sRNAs are excellent targets for plant-plant genetic interactions. This is bolstered by the knowledge
that numerous sRNAs are graft mobile (Li ef al., 2021, Palauqui ef al., 1997). In fact, grafting was key
to demonstrating that 24 nt sSRNA moved through the vasculature to mediate epigenetic silencing
(Molnar et al., 2010). Thus, it also stands to reason that sSRNA movement, either locally at the graft
junction or systemically via vascular transport, may affect graft healing, compatibility, or trait
inheritance.

Furthermore, efforts have been made to use grafting to introduce siRNA from the rootstock into
the floral meristem (Zhang et al., 2014). This technique allows grafting to serve as a molecular
“vaccine,” delivering siRNA to existing plants via the phloem at the graft junction (Zhang et al., 2014).
This same concept has been famously utilized in 2023 to generate heritable transgene-free CRISPR
Cas9-edited offspring via a graft-mobile editing system in Arabidopsis and Brassica rapa (Yang et al.,
2023).

Plant Regeneration: Grafting Versus Haustorium

One of the most critical facets of plant-plant interactions is the ability of distinct plants to
physically interact and form chimeric tissues. Parasitic plants use a haustorium, an invasive organ,
to attach to and penetrate the host stem, forming vascular connections between the parasite and its
host (Kaiser et al., 2015, Kirschner et al., 2023, Shen et al., 2023). The establishment of vascular
connections universally occurs during stem wounding, parasitic plant infection, and grafting
(Nishitani et al., 2002, Melnyk, 2017, Jhu & Sinha, 2022, Thomas et al., 2022). A more complete
understanding of how plants heal in these parallel processes will further elucidate the mechanisms
underlying graft incompatibility.
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Auxin

The vascular system transports water, nutrients, and signaling molecules throughout the plant.
Wound healing, parasitism and grafting all require the induction of wound sealing, cell
differentiation, and vascular reconstructions (Nishitani et al., 2002, Kirschner ef al., 2023, Thomas et
al., 2024). One of the most important regulators of plant regeneration is auxin (Asahina et al., 2011,
Wang et al., 2014). Blocking auxin signaling using the bdl (Atiaa12) mutant significantly reduced graft
success in Arabidopsis (Serivichyaswat et al., 2024, Melnyk ef al., 2015, Matsuoka et al., 2016).
Numerous studies have shown that removal of polar auxin transport is sufficient to interrupt both
wound healing and graft reconnection (Asahina et al., 2011, Feng et al., 2024, Serivichyaswat et al.,
2024). For example, apical auxin is required for the induction of DNA BINDING WITH ONE FINGER
(DOF) transcription factors HIGH CAMBIAL ACTIVITY2 (HCA2), TARGET OF MONOPTEROS6
(TMO6), DNA BINDING WITH ONE FINGER (DOF2.1), and DOF6 (Melnyk et al., 2018). DOFs are
highly induced during Arabidopsis wounding and grafting and are required for vascular and non-
vascular healing. It was shown that DOF induction required auxin and cell wall damage, adding a
second layer of input to the necessary expression (Melnyk et al., 2018, Zhang et al., 2022). The authors
went on to show that TMO6 could induce CELLULASE3 (CEL3)/GLYCOSYL HYDROLASE9B3
(GH9B3), a {3-1,4-glucanases shown to be key in interfamily graft compatibility (Notaguchi et al.,
2020). Similarly, parasitic plants require auxin to induce haustorium formation. In P. japonicum, the
perception of haustorium-inducing factors in the soil (such as plant exudates) leads to the induction
of the auxin biosynthesis gene, YUCCA3 (YUC3) (Ishida et al., 2016), a process that could be blocked
in Triphysaria versicolor using the auxin transport inhibitor, triiodobenzoic acid (TIBA) (Tomilov et al.,
2005).

Cell Wall Remodeling

Many of the first genes identified as critical for regeneration in wounded inflorescence
hypocotyls of Arabidopsis were involved in non-vascular healing and cell wall remodeling. For
example, wounded hypocotyls exhibited a unique spatial segregation, with ANAC071/096 highly
expressed above the wound and RAP2.6L below (Asahina et al., 2011, Matsuoka et al., 2021). This was
later found to be due to spatial accumulation of phytohormones, in which high auxin and ethylene
promote ANACO071, and low auxin and high JA induce RAP2.6L. While RAP2.6L and JA were induced
during grafting, they were later shown not to be required for healing (Matsuoka et al., 2018). In
contrast, ANAC071/096 were found to play a critical role not only in wound healing but also in
grafting. Here, the authors showed that auxin-induced ANAC071 and ANACO096 positively regulated
vascular proliferation during grafting, and that anac071anac096 double mutants healed poorly after
grafting (Matsuoka et al., 2016, Zhang et al., 2022, Matsuoka et al., 2021). ANAC071 was also shown
to regulate the expression of ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH19) and XTH20,
required for non-vascular cell differentiation in wounded stems (Pitaksaringkarn et al., 2014). The
XTH gene family has been validated as broadly upregulated during melon (Cucumis melo) grafting,
especially during compatible grafting; A CmXTH9 knockdown and an Arabidopsis xth4xth7 double
mutant both showed reduced graft healing and decreased callus proliferation (Xiong et al., 2026). In
tomato, gene regulatory networks based on the first week of compatible healing identified several
XTH genes downstream of central hubs. XTH16 was predicted to be regulated by TOMATO
HOMEOBOX GENE 1 (THOM1), and SIXTH6 was predicted to be co-regulated by JASMONATE-
RESPONSIVE ERF 4 (JRE4) and ETHYLENE RESPONSE FACTOR (ERF4) (Thomas et al., 2022). In
pepper grafts, the hub genes LATERAL ORGAN BOUNDARIES DOMAIN 4 (LBD4), MYBS6,
NGATHALIKE 1 (NGALI1-like), and two ERFs were all predicted to co-regulate XTH22 and XTH38.
XTHs have also been implicated in Cuscuta infection, with CrXTH1 and CrXTH2 upregulated in the
developing haustoria (Olsen ef al., 2016, Johnsen et al., 2015, Hozumi et al., 2017). Haustorium
penetration is often associated with cell wall-related genes, so the involvement of XTHs is logical
(Ranjan et al., 2014, Yang et al., 2015, Johnsen et al., 2015, Hozumi ef al., 2017). Whether CrXTH1 and
CrXTH?2 are more critical for remodeling of the host or parasite cell wall remains unclear.
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Cell wall remodeling has been shown to be key not just to graft healing but also for compatibility.
Interfamily grafting was demonstrated in tobacco (Notaguchi et al., 2020) and petunia (Petunia
hybrida; Kurotani et al., 2022) due to the highly secreted -1,4-glucanase, GH9B3, which is thought to
degrade cellulose in the apoplast. Similarly, in P. japonicum, PiGHIB3 was highly expressed during
infection of Arabidopsis and during P. japonicum-Arabidopsis interspecies grafting (Kurotani et al.,
2020). RNAi of PjGH9B3 significantly reduced haustoria penetration, demonstrating that cell wall
remodeling is critical for distant plant-plant regeneration. Since adhesion is the initial step in
regeneration, it stands to reason that genes that optimize early graft healing are key targets for plant
breeding to expand graft compatibility.

LBD25 was also identified as highly expressed in C. campestris haustorium (Jhu et al., 2021). In
Arabidopsis, LBD25 functions in auxin signaling during lateral root formation (Mangeon et al., 2011).
Using HIGS in tomato, they showed that CcLBD25 is critical for haustorium initiation, potentially
through modification of the host cell wall (Jhu et al., 2021). In alignment with this, LBD25 was among
the most highly upregulated genes in the Thesium chinense haustorium, suggesting that this gene is
activated in diverse species during infection (Ichihashi et al., 2018). The role of LBD25 in reconnection
is further supported by the identification of SILBD25 as a predicted hub gene during early tomato
graft formation (Thomas et al., 2022).

In addition to auxin, ethylene has been linked to tissue regeneration. Ethylene is induced and
required for wound response (Li et al., 2018), but ethylene mutants in Arabidopsis (ethylene insensitive
2; ein2, ethylene response 1; etrl) appear to graft normally (Melnyk et al., 2015). This is contradicted
in tobacco, where the application of an ethylene precursor (ACC) could enhance graft formation,
whereas the ethylene biosynthesis inhibitor (AVG) delayed healing (Zhai et al., 2021). However, in
Arabidopsis, the ctrl mutant, which over-accumulates ethylene, showed reduced phloem connectivity
(Melnyk et al., 2015). Unlike the somewhat ambiguous effect of ethylene on graft healing, ethylene
appears to positively regulate haustorium formation. In P. japonicum infection, mutations to EIN2
and ETR1, as well as the ethylene signaling inhibitor, AgNOs3, all resulted in severely compromised
infection rates (Cui et al., 2020).

Vascular Regulators

In addition to nonvascular healing and cell wall remodeling, wound response requires a
competent cambium to induce de novo differentiation of vascular tissues, such as xylem and phloem.
The need for cambial contact has long been noted in horticultural handbooks (Hartmann et al., 2002),
but until recently, the genetic regulators of cambial differentiation during grafting were ambiguous.
Cambial genes such as PHLOEM INTERCALATED WITH XYLEM (PXY), ARABIDOPSIS THALIANA
HOMEOBOX FACTORS (ATHBS8), SUPPRESSOR OF MAX2 1-LIKE PROTEIN 5 (SMXL5), and
WUSCHEL RELATED HOMEOBOX4 (WOX4) have been identified as key for graft healing in
Arabidopsis and tomato (Thomas et al., 2022, Serivichyaswat et al., 2024). This is a process shared
between grafted and parasitized plants. By inducing haustorium production in C. campestris,
transcriptional regulators of xylem formation in the haustorium were identified using RNA-seq
(Kaga et al., 2020). Similar to grafting, the cambium was necessary for the formation of a vascular
bridge between the two joined plants, with genes such as CcWOX4, CcPXY-like, CcMP, and CcTM OS5
induced during the transition of search hyphae into xylem hyphae. WOX4 expression was also
observed in P. japonicum haustorium using fluorescent markers (Wakatake et al., 2018).

During grafting, phloem reconnection occurs before the xylem (Melnyk et al., 2015, Melnyk et
al., 2018). In Arabidopsis, ABERRANT LATERAL ROOT FORMATION 4 (ALF4), AUXIN RESISTANT
1 (AXR1), and HCA2 were first identified as key phloem regulators in the stock (Melnyk et al., 2015,
Melnyk et al., 2018). However, Arabidopsis lines lacking auxin signaling in the promoter region of
ALTERED PHLOEM DEVELOPMENT (APL), a phloem companion cell marker, showed a reduced,
but non-significant reduction in phloem connectivity (Serivichyaswat et al., 2024). While not all
parasitic plants form both xylem and phloem connections, Orobanche and Cuscuta spp. can (Dorr &
Kollmann, 1995, Haupt et al., 2001, Aly et al., 2011). C. japonica expressed CJAPL and CjSEOR], a sieve
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element marker gene, in the haustorium during infection, showing that similar genetic regulators
control the haustorium phloem development (Shimizu et al., 2018). Despite this, the genetic
regulation of phloem formation, grafting, and parasitism remains less well understood than other
processes, such as xylem formation.

In contrast to phloem, the VASCULAR-RELATED NAC-DOMAIN (VND) family of proteins is a
key regulator of xylem formation. As xylem connections formed between the C. campestris
haustorium and the Arabidopsis host, the key xylem differentiation factor VND7 (Kubo et al., 2005),
along with known downstream genes MYB46, MYB86, IRREGULAR XYLEM (IRX3), and IRX5 were
upregulated (Kaga ef al., 2020). PjIRX3 was visualized in the haustorium using fluorescent markers,
clearly building strong genetic parallels between the two parasitic plants (Wakatake et al., 2018).
While VNDs are integral for xylem formation, single mutants fail to show phenotypes due to
redundancy in the family (Gushino ef al., 2024, Tan et al., 2018). Similarly, in tobacco, Nbvnd7 mutants
showed no effect on grafting, whereas inducible overexpression lines increased xylem formation in
Arabidopsis-tobacco interspecies grafts (Huang et al., 2025).

An interesting finding in the C. japonica haustorium was the expression of the Tracheary element
differentiation inhibitory factor (TDIF), CLAVATA3/EMBRYO SURROUNDING REGIONRELATED
41 (CLE41), GLYCOGEN SYNTHASE KINASE (GSK3) and BRI1-EMS-SUPPRESSOR (BES1) (Shimizu
etal., 2018). In Arabidopsis, CLE41 and CLE44-derived CLE41/44 peptides are expressed in the phloem
and transported to the procambium, where they bind PXY, activating cambium maintenance via
WOX4 and repressing xylem formation via GSK3/BES1 (Hunziker & Greb, 2024). Identification of
this cambium-xylem pathway in the haustorium suggests that all vascular formations may share a
core set of genetic regulators involved in vascular regeneration, including mobile CLE peptides.

In 1969, Dean & Kuijt referred to the haustorium as a “perfect graft” (Dean & Kuijt, 1969). Indeed,
there are significant parallels between grafting and plant parasitism, including the need for cell wall
remodeling, the importance of auxin, and vascular regeneration. It is worth noting that while grafts
face compatibility limitations, parasitic plants are largely capable of infecting and thus fusing their
vascular systems, with almost all species. In this way, most parasitic plants can be considered not just
perfect grafts but examples of ultra-compatibility. Understanding how parasitic plants evade the host
immune system, overcome physiological barriers, and coordinate the molecular signaling required
for healing may hold the key to overcoming graft incompatibility.

Overlap between various genes has identified potential regulators of graft compatibility.
Hypercompatibility can be seen in inter-family grafts as well as parasitic plants. These traits have
been linked to enhanced cell wall remodeling and adhesion via GLYCOSYL HYDROLASE9B3
(GH9B3) and ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH). Furthermore, repression of the
host immune system can be accomplished via parasitic plant effectors such as SH4z. Both parasitic
plants and compatible grafts require auxin signaling (YUCCAs (YUCs) and LATERAL ORGAN
BOUNDARIES DOMAIN 4 (LBD4)), cambium maintenance (TRACHEARY ELEMENT
DIFFERENTIATION INHIBITORY FACTORS (TDIF)-PHLOEM INTERCALATED WITH XYLEM
(PXY)-WUSCHEL RELATED HOMEOBOX4 (WOX4)), phloem (ALTERED PHLOEM
DEVELOPMENT (APL)), and xylem (VASCULAR-RELATED NAC-DOMAIN 7 (VND?)). Graft
incompatibility has been associated with vascular repression (ENHANCED XYLEM AND
GRAFTING 1 (EXG1)) and the upregulation of NLRs associated with immune-mediated cell death.
By targeting these known processes, it may be possible to genetically overcome graft incompatibility.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1538.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2026 d0i:10.20944/preprints202605.1538.v1

14 of 29

# ' T ——
Inter-family Grafts Parasitic Plants Incompatible Grafts
feud
3yt

Hypercompatibility

Incompatibility Ll
® i — - — ®
i
L i B
Immune
g _)repressiun
GHO9B3 Cell wall remodeling EXG1 Vascular
> : Tepressor
XTHs Cell Adhesion
TDIFs-PXY-WOX4 —> Cambium NLR —— (ell death
APL —> Phloem

VND7 —> Xylem
YUCCAs, LBD25 — Auxin

b

Overcome Incompatibility

Figure 4. Grafted and parasitic plants span a continuum of compatibility.

Wound Signals

Several genes have been proposed as damage- or wound-activated during grafting in recent
years. ENHANCED XYLEM AND GRAFTINGI (EXGI), a negative regulator of vascular tissue
regeneration, is rapidly upregulated after nematode infection, grafting, and infection with
Agrobacterium (Mazumdar et al., 2025). Although the authors did not identify the elicitors for this,
they hypothesized that hormones, ROS, changes to the cell wall, or turgor pressure may activate this
gene. Similarly, ERF114 and ERF115 have been shown to be induced during both wounding and graft
healing of Arabidopsis, spruce, tomato, and pepper (Feng et al., 2024, Thomas et al., 2024, Zhang et al.,
2022, Canher et al., 2022). Treating Arabidopsis with cell wall-modifying enzymes, such as cellulase
and pectinase, was sufficient to activate ERF115 expression in the stem, but, when combined with
auxin, the effect was amplified (Zhang et al., 2022). Similarly, treatment with macerozyme, a
pectinase, induced ERF114 in the root (Canher et al., 2022). DNA damage to the root tip in the JA
mutant, coronatine insensitivel (coil), was able to show that wound-mediated ERF115 expression did
not require JA signaling, and while auxin was not required for ERF115 induction following
wounding, it was necessary for wound recovery (Canher et al., 2020). The authors then suggested
ERF114 and 115 could be induced by mechanical stress. Using the mechanosensory mutant, feronia
(fer), which showed increased mechanical strain, in cooperation with auxin, was likely responsible
for the induction of ERF114 and 115 (Canher ef al., 2022).

Plants release a plethora of wound signals, and while none have been clearly linked to graft
incompatibility, they all have potential activity. Because grafting is, at its core, an instance of
wounding, signals involved in the wound response are worth exploring. To be considered potential
regulators of compatibility, the signal must be released during grafting, be mobile over short or long
distances, and induce incompatibility-associated symptoms, such as cell death.
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Constitutive DAMPs

Damage-associated molecular patterns (DAMPs) are molecules that are either induced during
wounding or constitutively present in cells but released into the apoplast during damage (Tanaka &
Heil, 2021). Like PAMPs, these signals are perceived by receptors and trigger additional immune
responses. DAMPs are extremely diverse, spanning sugars, nucleotides, peptides, and more, many
of which have unknown receptors.

Most carbohydrates that act as DAMPs are components of the plant cell wall. These molecules
are released into the apoplast during cellular degradation by pathogenic enzymes. Perhaps more
relevant to grafting is the breakdown of homogalacturonan pectin into oligogalacturonides (OGs) by
endogenous polygalacturonases, which occurs following wounding, as demonstrated in tomato
leaves (Orozco-Cardenas & Ryan, 1999). OGs are one of the most extensively studied cell wall
DAMPs (Bishop et al., 1981, Davidsson et al., 2017). Treatment with OGs activates PTI processes such
as MAPK activation, ROS burst, and resistance against Botrytis infection (Denoux et al., 2008, Galletti
et al., 2011, Galletti et al., 2008, Kohorn et al., 2009). Evidence first identified WALL-ASSOCIATED
KINASE 1 and 2 (WAKT1 and 2) as the proposed receptors due to their ability to bind OGs and trigger
downstream responses (Brutus et al., 2010, Decreux et al., 2006, Kohorn et al., 2009), but recent work
involving an Arabidopsis mutant lacking all five WAK genes was found to still execute immune
responses when treated with exogenous OGs (Herold et al., 2024), demonstrating WAKSs are not
required for OG-induced PTI. Furthermore, studies have shown that WAKSs function in coordination
with other receptors, such as FERONIA (FER) (Diinser et al., 2019), which act as mechanical sensors
of cell wall strain to elicit defense responses during wounding. Currently, the main OG receptor
remains unclear.

During cell rupture, cytoplasmic contents spill into the extracellular matrix, where they can act
as DAMPs, triggering PTI responses. Extracellular ATP (eATP) is present at high concentrations
within the cell, making it an excellent marker of compromised cellular integrity. Unlike OGs, which
lack a clear functional receptor, P2 Receptor Kinase 1 and 2 (P2K1 and 2) have been validated as active
receptors that trigger immune processes in response to high eATP (Choi et al., 2014, Pham et al., 2020,
Tanaka et al., 2014, Jeter et al., 2004). Other cellular components, such as the amino acid glutamate,
are released during wounding (Bellandi et al., 2022). Glutamate (glu) moves throughout the xylem
and extracellular space, where it binds to and triggers the GLUTAMATE-LIKE RECEPTORS 3.3
(GLR) and GLR3.5 in Arabidopsis, which induce the intracellular influx of calcium (Toyota et al., 2018,
Mousavi et al., 2013). The movement of glu in the plant was shown to trigger both the propagation of
electrical signals via calcium and ROS waves. While Arabidopsis and tomato mutant rootstocks lacking
long-distance electrical (Atglr3.3glr3.6 or SIglr3.33lr3.5) and ROS (Atrbohdrhohf or Slrbhol) signals
could still be successfully grafted onto WT scions (Zhan et al., 2025, Wang et al., 2019), it is interesting
to consider the role that these long-distance immune-mediating signals might play prior to or during
compatibility determination.

Another nucleotide-based DAMP is extracellular DNA (eDNA), which can occur in the apoplast
during necrotrophic infection and wounding. In pea (Pisum sativum), Fusarium solani produces a
secreted DNase, which degrades host DNA (Klosterman ef al., 2001). Fragmented DNA (less than 700
bp) can trigger PTI responses, including Ca?* influx, ROS, MAPK activation, and resistance to
Pseudomonas syringae (Duran-Flores & Heil, 2018, Barbero et al.,, 2016). Interestingly, while all
fragmented host DNA could elicit host immune responses, treatment with fragmented DNA from
other species elicited a significantly attenuated response, suggesting that, however eDNA is
surveilled, plants are capable of distinguishing self from non-self. Interestingly, the symptoms
associated with DAMP-induced PTI align with many of the graft incompatibility symptoms
described in the tomato-pepper grafts. It is worth noting that in a related process, BREAST CANCER
SUSCEPTIBILITY GENE 1 (BRCA1) and BRCAI1 ASSOCIATED RING DOMAIN PROTEIN 1 (BARD1)
homologs were identified as upregulated in incompatibly grafted tomato (Thomas et al., 2024). These
genes are involved in DNA repair after genotoxic damage, suggesting that incompatibility may
trigger DNA breakdown in tomato. It is possible that a molecular signal released by the opposite
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species or propagated by the host during failed healing (cell wall components or fragmented DNA)
triggers many of the symptoms observed in graft incompatibility (Thomas et al., 2023). To date, no
published work has explored the role of OGs, eATP, glutamate or other DAMPs during grafting,
making this an important area for future studies.

DAMP Peptides

Plants also secrete peptides during wound response. Peptide-DAMPs that have identified
receptors include RALFs, which bind to FER (Stegmann et al., 2017, Pearce et al., 2001); PLANT
ELICITOR PEPTIDES (PEPs), which bind to PLANT ELICITOR PEPTIDE RECEPTOR 1 (PEPR1) and
PEPR2 (Huffaker et al., 2006, Yamaguchi et al., 2010, Yamaguchi et al., 2006); PLASMA MEMBRANE
INTRINSIC PROTEINS1/2 (PIP1/2), which binds to RECEPTOR-LIKE KINASES 7 (RLK?7) (Hou et al.,
2014); Systemin, which binds to SYSTEMIN RECEPTOR 1 (SYR1/2) (Pearce et al., 1991, Wang et al.,
2018); SERINE-RICH ENDOGENOUS PEPTIDE 12 (SCOOP12), which binds to MALE DISCOVERER
1-INTERACTING RECEPTOR-LIKE KINASE 2 (MIK2) (Gully et al., 2019, Rhodes et al., 2021); and
phytosulfokines (PSKs) that bind to PHYTOSULFOKINE RECEPTOR 1/2 (PSKR1/2) (Matsubayashi
& Sakagami, 1996). Aside from species-specific DAMPs, most of these peptides are presumed to be
secreted during grafting.

Recent work has suggested that PEPs and PSKs could be important to graft compatibility (Lori
et al., 2015). PEPs are conserved species-specific DAMPs (Lori et al., 2015) that elicit PTI responses
(Bartels et al., 2013). In contrast, PSKs, while first identified as wound-inducible, have since been
shown to regulate growth and cell division (Kutschmar et al., 2009, Yang et al., 2000). It had previously
been shown in tomato that PSK-regulated immunity to Botrytis was dependent on auxin signaling,
further supporting PSK in the growth-defense nexus (Zhang et al., 2018). In rice, wounding triggers
expression of the OsPep3 precursor within 15 minutes. Wounding and Pep3 treatment induced rapid
changes, including MAPK activation, JA signaling and defense genes such as WRKY TFs, as well as
delayed expression of PSK precursors, especially OsPSK3 (Harshith et al., 2024). They then showed
that the receptor, OsPSKR, associates with SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE
1 (SERK1), a homolog of A. thaliana. BRI1-ASSOCIATED RECEPTOR KINASE 1 (AtBAK1). OsPSKR-
overexpression (OE) lines exhibited reduced wound response, whereas the pskr mutants displayed
exaggerated and prolonged cell death, indicating that PSKR represses the late immune response to
PEPs. The “constitutive cell death” phenotype seen in pskr is reminiscent of Atbakl mutants, in which
loss of repression of immune processes led to autoimmune-induced cell death and hyperactivation
of NLRs (Wu et al., 2020). Due to the striking similarity with tomato-pepper genetic incompatibility
(Thomas et al., 2024), it is critical that peptide DAMPs be carefully assayed for their role in
compatibility.

The DAMP peptides, PLANT ELICITOR PEPTIDES (PEP) and PHYTOSULFOKINE (PSK),
antagonistically balance early defense responses and the transition into growth and healing. PEPs are
secreted within minutes of wounding, whereas PSKs are expressed hours later. It is possible that a
similar mechanism is activated during compatible grafting, downregulating the wound response to
allow the graft junction to heal. Failure to repress defense may lead to a non-self-induced immune
response and a cell-death phenotype. Adapted from Harshith ef al., 2024.
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Figure 5. Graft compatibility may be regulated by DAMPs.

Incompatibility: From Pollen to Grafting

A remarkable adaptation observed in plants that facilitates outcrossing is self-incompatibility
(SI), which allows plants to reject genetically similar pollen, preventing excessive inbreeding. SI has
evolved independently in up to 40% of angiosperms, resulting in distinct types of SI (Igic et al., 2008,
Charlesworth, 2010, Allen. & Hiscock., 2008). Because the process of SI is so diverse, we aim only to
draw parallels between graft compatibility and SI. For a more in-depth study, see (Takayama &
Isogai, 2005).

Slis largely controlled by one polymorphic locus called the S-locus. Through distinct molecular
mechanisms, the S gene encodes alleles that regulate compatibility determination during pollen-pistil
interaction. For example, Type I (Solanaceae) SI is controlled by a single pistil-expressed S-RNase and
multiple pollen-expressed cytosolic S-loci F boxes (SLFs) (Liu et al., 2014, Luu et al., 2000). S-RNAses
are taken up into the pollen tube, where they bind to SLFs (Anderson et al., 1986). Non-self-
recognition leads to the ubiquitination and degradation of the RNases, allowing pollen tube growth,
whereas Sl leads to RNA degradation of the pollen tube via the pistil RNase (Entani et al., 2014). Other
types of Sl involve ligand-receptor pairings that trigger molecular cascades that lead to pollen death,
such as Type 3 SI (Papaveraceae), where self-recognition involves the pollen S-gene (P. rhoeas pollen S :
PrpS), which encodes a transmembrane receptor, and the stigma S-gene (P. rhoeas stigma S : PrsS),
which encodes a secreted protein. When SI occurs, it triggers Ca?* influx and a cascade of responses,
including increased ROS, MAPKY activation, ATP depletion, and caspase-3-like activity, resulting in
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PCD (Wheeler et al., 2009, Bosch & Franklin-Tong, 2008, Wheeler ef al., 2010, Franklin-Tong et al., 2002,
Chai et al., 2017, Wang et al., 2022). During Type 4 SI (Brassica), the stigma S-locus receptor kinase
(SRK) binds the pollen S-locus cysteine-rich protein (SCR) (Takayama et al., 2000, Takasaki et al., 2000).
SI leads to the breakdown of fertilization-required compatibility factors (exocyst complex subunit,
EXO70A1; glyoxalase 1, GLO1; and phospholipase D alpha 1, PLDal) and ROS production (Samuel
et al., 2009, Sankaranarayanan et al., 2015, Scandola & Samuel, 2019). In Arabidopsis, this leads to
autophagy of the pollen tube cell (Macgregor ef al., 2022).

Parallels between pollen SI and the plant immune system have been previously drawn (Allen &
Hiscock, 2008), as many SI systems are based on ligand-receptor pairings reminiscent of PAMP-PRRs.
Furthermore, SRKs are receptor-like kinases that belong to the same protein family as PRRs (Lee et
al., 2021). Additionally, similarities exist among PrsS/SCRs and plant defensins, which are
antimicrobial proteins identified in numerous plant species, as all are cysteine-rich secreted proteins
with significant structural similarities (Thomma ef al., 2002). While it is unlikely that grafting, a
process largely propagated by humankind, has led to the evolution of an unknown ligand-receptor
pairing, it is possible that wound responses have utilized existing signaling components to protect
against non-self interactions. In this way, it is curious to consider whether graft incompatibility relies
on the detection of non-self, as in Type I SI, or on the detection of self, as in Type 3/4 SI. It seems most
likely that a mechanism similar to Type I may exist in which non-self is detected rather than self.
Regardless, it remains key to carefully explore secreted peptides, highly expressed receptors, DNases,
and RNases at graft interfaces to determine whether similar mechanisms regulate non-self detection
during grafting as they do during pollination.

Self-Incompatibility Type 1 Self-Incompatibility Type 3

$&€—S-RNasc

Self-Incompatibility Type 4 Graft Incompatibility

Hypothesized compatibility factor

‘ Incompatibility
E g B factor recognition? @
Tailed compatibility
# Plant B factor recognition?
SI

Figure 6. Plants utilize diverse mechanisms to detect and avoid self-interactions during pollination

During pollination, detection of self-pollen triggers pollen tube degradation through a process known as self-
incompatibility (SI). Various mechanisms facilitate SI depending on the plant family. In Type I SI, failure for
pollen SLFs to bind to stigma S-RNases leads to active RNA breakdown in the pollen tube. During Type 3 SI,
secreted PrsS from the stigma will bind to the PrpS receptor on self-pollen, leading to pollen death. During Type
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4 SI, SCR peptides coating the pollen bind to stigma SRK self-receptors, thereby facilitating the breakdown of
required compatibility factors. At the interface of a graft junction, two distinct plant varieties touch. The
mechanism for the detection of non-self remains unknown. It is possible that, like with SI, vegetative tissue
contains compatibility factors that are either required for compatibility or trigger incompatibility. These may be

intracellularly transmitted via plasmodesmata or secreted and bound by unknown receptors.

Conclusion

Plant-plant interactions encompass a diverse range of processes, including secreted substances,
airborne signals, and physical contact. Many of the fields studying these interactions have remained
separate and are seldom considered when discussing the role of grafting. From the existing literature,
it is evident that plants possess numerous mechanisms to promote and prevent contact with other
plants. Furthermore, plants have evolved complex signaling pathways to alert the immune system to
pathogens and wounding. Despite a limited understanding of how plants distinguish compatible and
incompatible graft partners, substantial knowledge exists regarding how plants monitor non-self.
Interdisciplinary collaboration is crucial to unlocking the secrets of graft compatibility, emphasizing
the need to integrate expertise across fields to address this challenge. Future research should carefully
consider existing data to inform hypotheses regarding the underlying mechanisms of graft
incompatibility.
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