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Abstract

Grafting is a traditional horticultural technique that makes use of plant wound healing mechanisms to join two dif-
ferent genotypes together to form one plant. In many agricultural systems, grafting with rootstocks controls the
vigour of the scion and/or provides tolerance to deleterious soil conditions such as the presence of soil pests or
pathogens or limited or excessive water or mineral nutrient supply. Much of our knowledge about the limits to grafting
different genotypes together comes from empirical knowledge of horticulturalists. Until recently, researchers believed
that grafting monocotyledonous plants was impossible, because they lack a vascular cambium, and that graft com-
patibility between different scion/rootstock combinations was restricted to closely related genotypes. Recent studies
have overturned these ideas and open up the possibility of new research directions and applications for grafting in
agriculture. The objective of this review is to describe and assess these recent advances in the field of grafting and,
in particular, the molecular mechanisms underlining graft union formation and graft compatibility between different
genotypes. The challenges of characterizing the different stages of graft union formation and phenotyping graft com-
patibility are examined.

Keywords: Cell wall, grafting, phloem, plasmodesmata, rootstock, scion, vascular connection, xylem.

Introduction

Grafting has been utilized by humans for thousands of years
(Mudge et al., 2009). Today, much of the commercial produc-
tion of fruit (and some vegetables) relies upon grafting with
rootstocks to provide resistance to soil-borne pathogens and
abiotic stresses as well as to modify scion vigour and perfor-
mance (Fig. 1D, E). Grafting also occurs naturally; although
stem grafts are easy to observe in nature, they are generally rare.
However, a few species readily form natural stem grafts, such
as English Ivy and strangler figs (Fig. 1A) (Mudge et al., 2009);

the high degree of natural grafting in these species could be a
consequence of their climbing habits. Natural root grafts (Fig.
1C) are relatively common although hard to observe in nature,
and may have both positive consequences for plant growth and
development, and negative consequences for pathogen propa-
gation (Lev-Yadun, 2011).

In addition to using grafting to improve horticultural pro-
duction and scientifically to characterize rootstock and scion
genotypes (Fig. 1B), grafting has the potential to generate new
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Fig 1. Photographs of natural and artificial plant grafts: (A) strangler fig (photograph courtesy of Rachel Adamson), (B) Arabidopsis hypocotyl graft
(photograph courtesy of Clément Chambaud), (C) natural grapevine root graft, (D) 1-year-old artificial grapevine graft cut in half, and (E) mandarin graft.

species resulting from the local horizontal transter of genetic
material between the two genotypes of grafted plants (Stege-
mann and Bock, 2009; Stegemann et al., 2012; Fuentes et al.,
2014; Gurdon et al., 2016). Grafting can be used to produce
new combinations of plastid and mitochondrial genomes
(Stegemann and Bock, 2009; Stegemann et al., 2012; Gurdon
et al.,2016) as well as allopolyploids between distantly related
species (Fuentes et al., 2014). This asexual method of produc-
ing allopolyploids overcomes many sexual barriers to sexual
hybridization (Fuentes ef al., 2014). There is also evidence of
horizontal gene transfer of mitochondrial DNA from many
sources, including epiphytic mosses to the basal angiosperm,
Amborella trichopoda (Bergthorsson et al., 2004). As epiphytic
and parasitic plants are abundant in the natural habitat of A.
trichopoda and parasitic plants are known to transfer genes to
their hosts (Mower et al., 2004), this could be a source of this
high level of horizontal gene transfer in A. trichopoda.

In this review, we provide an overview of graft union for-
mation, from the initial wounding response to changes in the
cell wall and the formation of vascular connections between
the scion and rootstock. In addition, we describe the factors
affecting successtul grafting when different species are grafted
together and our knowledge of the causes of graft incompati-
bility. Genes differentially expressed in response to grafting are
discussed, as well as challenges to studying grafting and new
potential applications for grafting in agriculture.

Identifying genes involved in graft union
formation

Gene expression studies on graft union formation have been
done to identify the genes and processes involved in a number
of species including both annuals (Yin ef al., 2012; Melnyk
et al.,2018; Xie et al.,2019; Reeves ef al., 2021) and perennials
(Cookson et al.,2013,2014; Qiu et al.,2016). These studies in-
clude characterization of gene expression in homo-grafts (Yin
et al.,2012; Cookson et al., 2013; Melnyk et al., 2018; Reeves
et al., 2021), and compatible and incompatible hetero-grafts
covering dicot (Cookson et al., 2014; Assuncio et al., 2019;
Thomas et al., 2021; Ji et al., 2022), monocot (Reeves ef al.,
2021), and interfamilial (Notaguchi et al., 2020) grafts. Con-
trol samples generally include homo-grafts (for hetero-graft
studies), intact plants, wounded tissues, and non-grafted scions
and rootstocks. These gene expression studies tend to show
that similar genes are differentially expressed during graft
union formation in the different systems studied (Xie ef al.,
2022), and there is even a degree of conservation in the gene
expression responses between monocotyledonous and dicot-
yledonous plants (Reeves et al., 2021). More genes involved
in graft union formation are being identified. However, using
gene expression analysis to identify genes involved in different
aspects of graft union formation is challenging because the
graft interface is a heterogeneous, complex tissue, comprised
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of different cell types with different responses. For example,
those cells that are involved in vascular reconnection may be
very sparsely distributed in other tissues present at the graft
interface (Thomas ef al., 2021). New techniques could be ap-
plied to the study of grafting to elucidate the roles of each
tissue, such as in vitro callus grafting to study plasmodesmata
formation at the callus graft interface (Machin ef al.,2022) and
single-cell transcript profiling (Christiaens ef al., 2021).

Wounding responses and cell wall
modifications at the graft interface

The speed of graft union formation depends upon the species
and environmental conditions, but we assume that there is some
degree of conservation of the sequence of events occurring at
the graft interface across different species (Fig. 2). The first stage
of graft union formation is presumably an initial wound re-
sponse; damaged cells at the graft interface collapse, and electric
and ion flux signals are activated within minutes, followed by
the accumulation of reactive oxygen species (ROS) and wound-
related hormones (Savatin ef al., 2014). The remains of cellular
debris and necrotic tissue can accumulate at the graft interface
and, in many cases, a necrotic layer forms at least in some areas
of the graft interface even in homo-grafts (Moore and Walker,
1981a, b; Flaishman et al., 2008). Recent work suggests that
sensing cell wall damage is key to activating wound healing
responses and graft union formation (Zhang et al.,2022). Zhang
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et al. (2022) demonstrated that modifying cell walls by enzy-
matic digestion or genetic modification activates the expression
of some transcription factors regulating wounding responses
and graft union formation (Zhang et al., 2022).

Within 6 h after grafting, dictyosomes (flattened plates or
double lamellae, which are part of the Golgi apparatus) accu-
mulate along the cell walls next to the graft interface of Sedum
telephoides auto-grafts and appear to fuse with the plasma mem-
brane. These structures potentially extrude their contents at the
graft interface (Moore and Walker, 1981a, b). Dictyosomes and
Golgi vesicles are also observed at 5 days after grafting (DAG) in
Vicia faba/Helianthus annuus grafts (Kollmann and Glockmann,
1991). There is evidence that the Golgi apparatus is involved
in the synthesis and secretion of components of the cell wall in
plants (Driouich ef al., 2012), suggesting that this could be one
of the earliest responses to grafting. The presence of dictyosomes
disappears quickly over time in S. telephoides auto-grafts. As the
presence of dictyosomes occurs before tissue adhesion (which
typically occurs with 24—48 h), it is possible that these dictyo-
somes are involved with generating adhesion between the scion
and rootstock. Bead-like structures appear on the surface of cells
at the graft interface; these beads stain with ruthenium red and
are removed by a 30 min 1% pectinase treatment (Jeffree and
Yeoman, 1983), suggesting that they are rich in pectins. This ex-
tracellular pectin-rich cement is thought to adhere the scion and
rootstock together. A recent SEM study on hypocotyl grafts of
Arabidopsis shows that extracellular fibrillar or homogenous ma-
terial covered the surface of the graft interface (Sala ef al., 2019).

Vascular reconnection

Callus
.,

A

Fig. 2. Schematic diagram of proteins involved in (A) wounding responses and (B) callus proliferation and graft union formation. Proteins involved in
xylem and phloem formation during grafting are shown in turquoise and purple, respectively. GHIB3 was identified in tobacco, WOX4 was identified in

tomato, and all the other genes were identified in Arabidopsis.
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Callus cells had a speckled surface, suggesting that this material
has a role in the adhesion between new divided cells. Whereas the
identity of these extracellular structures was not fully confirmed,
parallel immunofluorescence experiments suggested that they
could be composed of unmethylesterified homogalacturonan
and extensins (although some weak detection of methlyesterified
homogalacturonans was observed on the cut surfaces of the scion
and rootstock) (Sala ef al., 2019). Another study has used cell wall
fractionation, Fourier transform infrared spectroscopy, GC, and
immunodot assays to study the cell wall at the graft interface
(Frey et al.,2022). Frey et al. (2022) reported that both unmethy-
lesterified and methylesterified homogalacturonans accumulate
at the graft interface of tomato. These differences could be due
to the different species and techniques used. There is evidence
from the study of mutants that pectins are important for cell—cell
adhesion (Du et al., 2022), but functional studies have not been
done to determine whether these materials also contribute to
adhesion between the scion and rootstock. It appears that scion/
rootstock adhesion is not restricted to compatible grafts and does
not involve cellular recognition; this is because a Sedum rootstock
can adhere to a wooden stick 3 d after ‘grafting’ (Moore and
Walker, 1981b). In addition, some plants produce pectin-rich gels
after wounding to block xylem vessels to prevent tissue desicca-
tion and pathogen infection (De Micco et al., 2016); it is possible
that there are similarities between these wounding responses and
some aspects of tissue adhesion at the graft interface.

In addition to the accumulation of pectins, grafting modifies
other cell wall components; xyloglucan (the type 1 hemicellu-
lose in primary cell walls), phenolic compounds (presumably
lignin), and arabinogalactan proteins accumulate in the cell wall
at the graft interface of tomato (Frey ef al., 2022). These com-
pounds may also have roles in cell adhesion. Sala ef al. (2019)
observed, according to the antibody used, the accumulation
of extensins at the graft interface under microscopy (using the
JIM11 and JIM20 antibodies). They observed no accumula-
tion of extensin with LM1 antibody, in agreement with Frey
et al. (2022), who found that extensins decreased over time in
cell wall fractions using the LM1 antibody. The precise spatio-
temporal accumulation patterns of pectins and other cell wall
modifications at the graft interface and the molecular mech-
anisms behind tissue adhesion during grafting remain to be
determined. However, Notaguchi et al. (2020) recently identi-
fied an extracellular B-1,4-glucanase which promotes grafting
success; this enzyme probably targets cellulose in cell walls. In
agreement with this hypothesis, the exogenous application of
cellulase also increases tissue adhesion in in vitro stem grafts
(Kawakatsu et al., 2020). How digestion of cellulose at the graft
interface aids tissue adhesion and grafting success is not known.

Changes in cell division and expansion at
the graft interface

Wounding plant tissues can trigger both cell expansion and
proliferation (Hoermayer et al., 2020), and both cell expan-

sion and proliferation have been described at the graft inter-
face of hypocotyl grafts of Arabidopsis (Melnyk et al., 2015).
In most scion/rootstock combinations, one of the most ob-
vious indications of graft union formation is the prolifera-
tion of parenchymal cells at the graft interface to form the
callus, which will serve as a bridge between the two tissues.
A wide range of genes have a role in callus formation in dif-
ferent contexts including those encoding many transcription
factors, enzymes that modify histones, components of auxin
and cytokinin signalling, cyclins, enzymes of cell wall syn-
thesis, and mechanosensitive ion channels of the MscS-Like
family (Ikeuchi et al., 2019, 2020; Rymen et al., 2019). Sev-
eral of these transcription factors regulate wound-induced
callus formation; the best characterized are the APETALA2/
ETHYLENE RESPONSIVE FACTOR (AP2/ERF) tran-
scription factors WOUND-INDUCED DEDIFFERENTIA-
TION 1-4 (WIND1-4) (Iwase et al., 2011a, 2011b; Ikeuchi
et al., 2013). The expression of WIND1 rapidly increases after
wounding; overexpression of WIND1 induces callus cell for-
mation whereas callus cell formation is dramatically reduced
in WIND1-SRDX (when WIND1 is turned into a dominant
repressor by the SUPERMAN domain) (Iwase et al., 2011a).
Ectopic overexpression of WIND1 triggers the differential ex-
pression of thousands of genes, including genes related to de-
fence responses, callus formation, tracheary element formation,
and vascular regeneration (Iwase et al.,2021). WIND1 controls
the expression of ENHANCER OF SHOOT REGENER-
ATIONT1 (ESR1) by directly binding to its promoter; ESR1
drives the cellular reprogramming underlying callus formation
and shoot regeneration (Iwase et al.,2017). Another set of AP2/
ERF transcription factors, PLETHORA3/5/7, also regulate
wound-induced callus formation (Ikeuchi et al.,2017) and vas-
cular regeneration (Radhakrishnan er al., 2020), and their ex-
pression is also increased by induction of WIND1 (Iwase et al.,
2021). Recently, another transcription factor, WUSCHEL-
RELATED HOMEOBOX 13 (WOX13), was identified as a
key regulator of callus formation and organ adhesion. WOX13
is partially regulated by WIND1 and regulates the induction of
WIND?2 and WIND3, as well as cell wall-modifying enzymes
(Ikeuchi ef al., 2022). ETHYLENE RESPONSE FACTOR
115 (ERF115), which is upstream of WIND1 (Heyman et al.,
2016), also regulates callus formation via WIND1 (Ikeuchi
et al., 2017). Although WIND1 has a key role in callus forma-
tion (Ikeuchi et al., 2013; Iwase et al., 2021), grafting wild-type
scions with WIND1-SRDX rootstocks did not reduce grafting
success in hypocotyl grafts of Arabidopsis (Melnyk et al.,2015).
This could suggest that either WIND1 does not have a role in
graft union formation in Arabidopsis hypocotyls or that the
presence of WIND1 in the scion is enough to ensure normal
graft union formation. However, as WIND1-SRDX blocks
petiole grafting when the petioles of two different WIND1-
SRDX leaves are grafted together in a silicon tube (Iwase et al.,
2021), it would be interesting to determine whether the pres-
ence of WIND1 in one grafting partner is sufficient to ensure
normal graft union formation in the petiole grafting system.
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Recently, the analysis of a quadruple mutant of four DNA
binding with one finger (DOF) transcription factor genes,
HIGH CAMBIAL ACTIVITY2 (HCA2), TARGET OF
MONOPTEROS6 (TMOG6), DOF2.1, and DOF6, showed
that these genes also regulate callus formation. Callus forma-
tion after wounding was considerably reduced in this mutant,
whereas overexpressing TMOG6 increased callus formation
under the same conditions (Zhang et al., 2022). This defect in
callus cell formation was associated with a reduction in scion/
rootstock attachment and in reduced formation of functional
vascular connections at the graft interface.

Other genes have been shown to have roles in wounding
healing such as NAC (NAM, ATAF1,2 and CUC2) DOMAIN
CONTAINING PROTEIN 71 (ANACO071), which was iden-
tified as a regulator of wound healing responses above wounds,
and RELATED TO AP2 6L (RAP2.6L/ERF113) which reg-
ulates wounding responses below the wounds (Asahina et al.,
2011). ANACO071 is regulated by auxin through AUXIN RE-
SPONSE FACTORS/ARF6 and 8 (Pitaksaringkarn et al.,
2014a). Subsequent work has shown that the homologue of
ANACO071,ANAC096, has similar functions to ANACO071 and
that these genes function in the process of cambialization and
contribute to vascular cell formation (Matsuoka et al., 2021).
ANACO071 regulates the expression of two members of the
xyloglucan endotransglucosylase/hydrolases family, XTH19
and XTHZ20, which are involved in cell proliferation after
wounding (Pitaksaringkarn et al., 2014b). ANACO071, XTH19,
and XTH20 are amongst the genes up-regulated by WIND1
overexpression (Iwase et al., 2021). Although RAP2.6L has a
role in wound healing in Arabidopsis lowering stems (Asahina
et al., 2011), it does not have a role in grafting in Arabidop-
sis hypocotyls (Matsuoka et al., 2018). This could suggest that
wounding and graft healing require different genes and/or that
wounding and grafting responses vary in different plant tissues
(i.e.in the hypocotyl and the stem).

The formation of plasmodesmata and gaps
in the cell wall at the graft interface

Cell to cell communication in plants is mediated via plasmo-
desmata, nanometric channels that cross the cell walls of adja-
cent cells to allow the movement of cytosolic and membrane
molecules. Plasmodesmata form either during cell division by
trapping strands of endoplasmic reticulum in the newly form-
ing cell wall (primary plasmodesmata) or in pre-existing cells
walls by an unknown mechanism (secondary plasmodesmata).
Secondary plasmodesmata form within a few days between
the scion and rootstock at the graft interface (Kollmann ef al.,
1985; Kurotani and Notaguchi, 2021; Chambaud et al., 2022)
presumably to allow development of cell to cell coordination.
Plasmodesmata formation at the graft interface is not always
successful, and some plasmodesmata, called half- or hemi-
plasmodesmata, do not entirely span the cell wall between the
scion and rootstock (Kollmann et al., 1985; Chambaud et al.,

2022). We found that ~40% of the plasmodesmata at the graft
interface of Arabidopsis hypocotyl homo-grafts were hemi-
plasmodesmata and that these hemi-plasmodesmata occurred
in regions of the cell wall which were thicker than successtully
formed plasmodesmata (Chambaud et al., 2022). This suggests
that successful plasmodesmata formation at the graft interface
requires cell wall thinning; currently we have little knowledge
of the processes involved. A recent review described a list of
candidate genes involved in plasmodesmata formation that
are up-regulated at the graft interface during graft union for-
mation (Kurotani and Notaguchi, 2021). Grafting mutants or
transgenic lines altering the expression of these candidate genes
could shed light on the molecular mechanisms of secondary
plasmodesmata formation, as the graft interface is an excellent
model to study this process. Ideally, to avoid pleiotropic effects,
using either an inducible promoter or a promotor induced ex-
clusively at the early stages of grafting to drive expression of
the RNAI or gene editing inserts would be the best method
to perform functional studies on candidate genes involved in
plasmodesmata biogenesis at the graft interface. Although plas-
modesmata have been known to form at the graft interface
for many decades, we do not know the exchange capacities of
these plasmodesmata at the graft interface and when they be-
come functional.

It is possible that defective plasmodesmata formation (or
functioning) at the graft interface could be responsible for graft
incompatibility and poor survival of hetero-grafted plants, but
experimental evidence would be laborious to obtain. Plasmo-
desmata have been shown to form at the graft interface of inter-
familial grafts (Kollmann et al., 1985; Kurotani and Notaguchi,
2021), suggesting that plasmodesmata formation proceeds cor-
rectly even between distantly related species. However, in one
study, cell to cell exchange of a fluorescence dye was reduced
at the graft interface of an incompatible compared with a com-
patible in vitro stem graft (Pina et al., 2012), suggesting that
plasmodesmata function could be impaired around the graft
interface of incompatible grafts. Unfortunately, some homo-
graft control samples were missing to demonstrate that the
differences in cell to cell communication were unequivocally
linked to compatibility (and not just intrinsic differences in
the different genotypes studied) (Pina et al., 2012). Callus cells
of different Prunus genotypes have been previously shown to
have different intrinsic levels of cell to cell connectivity by
the use of photoactivatable fluorophores and photobleaching
of fluorophores, but it is unknown whether this has any conse-
quence on graft union formation (Pina et al., 2009).

We observed some cases of extreme cell wall thinning (to a
thickness of 6 nm) at the graft interface of Arabidopsis hypo-
cotyl grafts and the formation of gaps in the cell wall between
the scion and rootstock (Chambaud et al., 2022). These cell
wall gaps between the scion and rootstock at the graft interface
have also been observed in other studies (Hertle et al., 2021).
The gaps in the cell wall at the graft interface are presumably
responsible for exchange of organelles between the scion and
rootstock which occurs at the graft interface (Stegemann and
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Bock, 2009; Stegemann et al.,2012; Lu et al.,2017; Hertle et al.,
2021). Both the exchange of organelles (Hertle ef al., 2021)
and the formation of gaps between the scion and rootstock
(Hertle et al., 2021; Chambaud et al., 2022) appear to occur
before vascular reconnection (at 3—4 DAG). Live-cell imaging
was used to show plastid movement through these gaps, but
the lack of 3D imaging and a single-particle tracking method
means that unequivocal evidence is still lacking (Hertle et al.,
2021). When studying 2D images, it is possible that different
plastids move in and out of the focal plane, and what seems like
the movement of one plastid from one cell to a neighbouring
cell is actually the movement in the third dimension of two
different plastids belonging to two different cells. One means
to overcome this limitation would be to activate caged fluores-
cence in one plastid and track its movement from cell to cell,
or to use 3D imaging and track particle movement in the three
dimensions.

Vascular connection between the scion
and rootstock

The graft interface has been studied with various imaging
techniques to understand the process of vascular connection;
that is, the connection of phloem and xylem as well as the
cambium in many species. Dyes of different types have been
used to visualize and quantify vascular connections between
the scion and rootstock (Olmstead ef al., 2006; Melnyk et al.,
2015; Deng et al., 2021). Thanks to elegant experiments on
grafted hypocotyls of Arabidopsis, this sequence of phloem and
xylem connections was resolved (Melnyk et al., 2015). Move-
ments of tracers revealed that functional vascular connections
between the scion and the rootstock occurred around 3 DAG
for the phloem and 6 DAG for the xylem (Melnyk et al.,2015).
Although functional xylem and phloem connections at the
graft interface are essential for plant development, it appears
that phloem connection is not necessarily associated with
xylem connection (Deng et al., 2021); some grafts can have
successfully connected phloem and failed xylem connection,
suggesting that different molecular mechanisms are involved.
The differentiation of new vascular cells is unevenly dis-
tributed across the graft interface, with more rapid new xylem
development in the scion than in the rootstock, and more rapid
phloem connection in the upper graft interface of a double-
grafted plant (Melnyk et al., 2015). The interruption of vascular
connections leads to auxin and photoassimilate accumulation
above the graft interface (Melnyk ef al., 2015); this asymmetry
could explain the different kinetics of cell differentiation be-
tween the scion and the rootstock. Auxin from the bud is es-
sential for vascular connection after wounding (Sachs, 1968)
and presumably grafting. Although wound healing and graft-
ing are different, there are likely to be common mechanisms
involved in wound healing and grafting. Responses to auxin
increasing above the graft interface could be similar to those

above a wound, in which PIN-FORMED 1 (PIN1) polarity
changes before the formation of new vascular tissues (Mazur
et al., 2016). According to the auxin canalization hypothesis
(Sauer et al., 2006), the auxin accumulation above the graft
interface would modify PIN polarity and permit new vascular
generation. In the vascular regeneration process, the TR ANS-
PORT INHIBITOR RESPONSE 1/AUXIN SIGNALING
F-BOX (TIR1/AFB) signalling pathway is required for vas-
cular regeneration after wounding (Mazur et al., 2020). Melnyk
et al. (2015) tested the role of several mutants of the TIR/
ARB-mediated signalling pathway in graft union formation by
grafting mutant rootstocks. They found that the triple mutant
in the TIR/ARB-mediated signalling pathway, tirlafb2afb3,
dramatically reduced phloem reconnection at 4 DAG, sug-
gesting that the mechanisms of new vascular generation at the
graft interface and at the sites of wounds could be similar. The
dominant gain-of-function mutations of AUXIN/INDOLE-
3-ACETIC ACID (Aux/IAA), iaal8 and iaa28 (which are
targets for degradation by TIR/AFB), also reduced phloem
connection when grafted as a rootstock. In addition, Melnyk
et al. (2015) also showed that grafting rootstocks mutated in
ABERRANT LATERAL ROOTFORMATION 4 (ALF4)
and AUXIN-RESISTANT 1 (AXR1) caused delayed xylem
and phloem connections, but that alf4 and axr1 scions did not
affect vascular connections. The authors concluded that ALF4
and AXRT1 are required in the rootstock for vascular auxin
responses and highlighted the importance of the asymmetric
responses occurring at the graft interface. Despite the pivotal
role of auxin in vascular development, surprisingly few mutants
of individual genes regulating auxin synthesis, signalling, and
degradation have obvious graft union formation phenotypes
when grafted as a rootstock (Melnyk et al., 2015). This suggests
that there is considerable functional redundancy within genes
regulating vascular connection via auxin signalling. However,
a more detailed characterization of these mutants could reveal
subtle phenotypes related to vascular connections and, as there
were only two biological repetitions in the study of Melnyk
et al. (2015), increased repetition could identify statistically sig-
nificant, but smaller changes in grafting success rates.

Certain transcription factors of the DOF family are involved
in graft union formation (Melnyk ef al.,2018; Zhang et al., 2022).
HIGH CAMBIAL ACTIVITY2 was shown to delay phloem
connection in Arabidopsis hypocotyl grafts in an SRDX line
(Melnyk et al., 2018); however, the normal loss-of-function mu-
tant did not affect phloem connection between the scion and
rootstock (Zhang et al., 2022). Single loss-of-function mutants
of three closely related DOF transcription factor genes, TMOG,
DOF2.1,and DOF6, also did not have phloem connection phe-
notypes, but the quadruple mutant inhibited phloem (and xylem)
connection (Zhang et al., 2022). Overexpression of any of these
four DOF transcription factors below the graft interface ac-
celerated phloem reconnection in Arabidopsis hypocotyl grafts
(Zhang et al., 2022). Many cell wall-related genes were differ-
entially expressed between the quadruple hca2tmo6dof2.1dof26
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mutant and the wild type, and TMOG6 was shown to directly
bind CELLULASE3 (CEL3/GH9B3) (Zhang et al.,2022).The
tobacco orthologue of CEL3, NbGH9B3, is involved in cell ad-
hesion and graft union formation, and increases grafting success
in heterografts between different species (Notaguchi ef al., 2020).
In Arabidopsis, homo-grafts of two mutant lines of CEL3 did not
have a grafting success phenotype, but overexpressing the tobacco
NbGHY9B3 under a wound-inducible promoter increased graft-
ing success in Arabidopsis homo-grafts (Notaguchi et al., 2020).
This could suggest that CEL3/GH9B3 has similar functions in
Arabidopsis and tobacco, but that there is more functional re-
dundancy within the CELLULASE gene family in Arabidopsis
than in tobacco. Zhang et al. (2022) showed that two genes that
modify cell wall composition also modified xylem and phloem
connection. Overexpression of PECTIN METHYLESTERASE
INHIBITOR 5 (PMEI5), which increases pectin methylesteri-
fication, increased TMOG6 and HCAZ2 expression, and grafting
with rootstocks overexpressing PMEI5 increased phloem recon-
nection rates (Zhang et al., 2022). Zhang et al. (2022) present
evidence that HCA2 acts downstream of PMEI5. KORRIGAN1
(KOR1), encoding an endo-1,4-f3-p-glucanase involved in cellu-
lose biosynthesis, did not affect phloem connection, but mutants
of korl have decreased TMO6, HCAZ2, and DOF2.1 transcript
levels in wounded hypocotyls and reduced xylem connection in
kor1 homo-grafts (Zhang et al., 2022).

Many genes are known to regulate vascular development
(Agusti and Blazquez, 2020) and presumably many of them
are essential for graft union formation. One well-characterized
transcription factor, WOX4, regulates vascular proliferation re-
dundantly with WOX14 in Arabidopsis (Etchells et al., 2013).
Interestingly, wox4 homo-grafts of tomato have disorganized
xylem vessels at the graft interface and mechanically weak graft
unions, despite having no major differences in vascular organi-
zation in the stem (Thomas ef al., 2021). This could suggest that
although WOX4 and WOX14 act redundantly in normal plant
development, WOX4 has specific functions at the graft interface.

We still have much to discover about the processes and genes
involved in vascular connection at the graft interface and how
these processes differ in different genotypes and tissue types.
We still do not know which cell lineages are involved in which
processes. The use of the cell lineage tracing tool based on the
Cre-lox recombination system, which was used to trace the
cell lineage of new divided cells during vascular tissue forma-
tion in the root of Arabidopsis (Smetana et al., 2019), could
help to address many unresolved questions concerning graft
union formation.

Grafting compatibility between different
eudicot species
There is no universally accepted definition of graft compati-

bility (Tedesco et al., 2022); however, for an agricultural per-
spective, we can assume that a compatible graft has sufficient

yield and longevity to be economically viable in the field/
greenhouse, and a sufficiently high grafting success rate to be
economically viable for nurseries. Broadly, highly compatible
grafts develop normally,and have functional xylem and phloem
connections, and a graft union able to withstand mechanical
stress. Poorly compatible grafts are often described as having
more necrotic tissues at the graft interface, fewer vascular con-
nections, mechanically weak graft unions, and reduced plant
growth and survival. The lack of consensus on what constitutes
graft compatibility/incompatibility is partially due to the fact
that assigning a percentage of plant survival determines the
threshold for graft compatibility/incompatibility (given that
grafting success rates of homo-grafts is often <100% poten-
tially due to technical difficulties or intrinsic healing capacity).
In the context of scientific research, we could consider that in-
compatible grafts have no xylem and/or phloem connections
formed or that the accumulation of toxic compounds at the
graft interface reduces cell viability to the point that all grafts
perish. Except in these cases of extreme incompatibility, it is
probably better to describe different degrees of compatibility
rather than compatibility/incompatibility.

It was widely believed that graft compatibility is restricted
to closely related species (Goldschmidt, 2014), although some
(often short-lived) interfamilial grafts are widely cited in the
literature: such as Vicia faba/ Helianthus annuus grafts (Kollmann
et al., 1985), Arabidopsis/tomato grafts (Flaishman et al., 2008),
and the interfamilial grafts used to graft inoculate pathogens
[e.g. Chenopodium quinoa rootstocks with Vitis spp. (Belin et al.,
2001)]. More recently, Wulf et al. (2020) grafted together a range
of leguminous species and concluded that genetic proximity
and vascular anatomy are not good predictors of graft compat-
ibility within the leguminous species studied. At the same time,
Notaguchi et al. (2020) showed that Nicotiana benthamiana is
capable of grafting with a wide range of angiosperms, therefore
overturning the idea that graft compatibility is restricted to
closely related species. Nicotiana benthamiana was shown to be
capable of forming grafts (assessed 4 weeks after grafting) with
73 species from 38 families including magnoliids, five species
of monocots, and 65 eudicots including both annual and per-
ennial species (Notaguchi et al., 2020). However, it is difficult
to know whether these plants were truly grafted together with
function vascular connections; it is known that Arabidopsis/
tomato grafts can survive to form flowers and seeds without
vascular connections (Flaishman et al., 2008). It is possible that
some of the apparently successfully grafted plants in Notagu-
chi et al. (2020) did not have functional vascular connections
(as vascular connections were not studied in their paper). Al-
though largely ignored in the recent literature, other studies on
interfamilial grafts have been reported in the past (Funck, 1929;
Simon, 1930; Nickell, 1948).In 1948, Nickell stated that “These
results clearly show that we may abandon the idea that grafts
between unrelated plants cannot be made’, yet this conclusion
had disappeared from scientific knowledge.The reason that this
knowledge did not persist is possibly because the studies were
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much less comprehensive than the study by Notaguchi ef al.
(2020) and few details were provided in these papers. In addi-
tion, when commercial nurseries and scientists have difficulties
in grafting certain scion/rootstock combinations repeatedly,
and with no apparent reason, they are likely to ascribe these
problems to graft incompatibility, with little evidence. Fur-
thermore, as successful grafting requires the callus-producing
tissues near the cambium of the scion and rootstock to be in
close proximity, is would seem likely that more distantly related
species have more diverse tissue organizations and therefore
more difficulty grafting together [however, there is some evi-
dence that this is not necessarily the case (Wulf et al., 2020)].

As previously mentioned, Notaguchi ef al. (2020) identified
a B-1,4-glucanase gene, NbGHYB3, that is highly expressed at
the cambium tissues at the graft boundary of interfamilial grafts.
Notaguchi ef al. (2020) discovered that NbGH9B3 is involved
in cell adhesion and that silencing NoGH9B3 reduces graft-
ing success and, vice versa, its overexpression increases grafting
success rates (Notaguchi et al., 2020). The same group found
similar results in Petunia hybrida, which also grafts successfully
with a wide range of species and expresses GH9B3 to high
levels during both auto- and interfamilial grafting (Kurotani
et al.,2022). Because GH9B3 is highly expressed even in auto-
grafts, Kurotani et al. (2022) suggested that the strong induc-
tion of GH9B3 during grafting in Solanaceae could underlie
the ability of these species to form interfamilial grafts with a
wide range of species. In support of this hypothesis, the 3-1,4-
glucanase inhibitor p-glucono-1,5-lactone was shown to re-
duce grafting success in P hybrida/Arabidopsis grafts (Kurotani
et al.,2022). How this 3-1,4-glucanase regulates grafting suc-
cess is not known. It could have a physical role by facilitating
the formation of a functional cell wall between the scion and
rootstock, or a signalling role inducing the cellular responses
required for the formation of the graft union (such as the in-
duction of wound-related transcription factors as described in
Zhang et al., 2022).

Although many different genotypes can be grafted to-
gether successfully in the short term, this high level of graft
compatibility may not persist in the long term in perennial
woody species growing in temperate climates. In these con-
ditions, perennial woody species enter into dormancy during
the winter months in which growth and metabolic activity
cease. Lack of coordination of dormancy behaviour between
the two different genotypes of a grafted plant could have con-
sequences on long-term plant viability and could have a role
in the delayed incompatibility seen in perennial crops many
years after grafting.

Causes of graft incompatibility

Although recent studies suggest that graft compatibility is
more widespread that we previously thought, some cases of
graft incompatibility for agronomically important crops are

well known. The most famous example is the case of graft
incompatibility between pear/quince grafts; this incom-
patibility response is due to the movement of a cyanogenic
glycoside (prunasin) from the rootstock to the scion where
B-glycosidases release cyanide and locally poison plant tissues
(Gur et al., 1968). Graft incompatibility is widespread in fruit
trees, particularly in those of the Prunus genus (Hartmann,
2002; Baron et al., 2019), and to date we have not identified
the cause of incompatibility (except in the case of pear/quince
cited above). Graft incompatibility in fruit trees is challenging
to study as it may develop many years after grafting; this is
often called delayed incompatibility, a subject that was was re-
cently reviewed by Adhikari et al. (2022).

Another well-known incompatible graft, pepper/tomato,
has been recently studied in detail by Thomas ef al. (2021).
They found that pepper/tomato incompatibility was asso-
ciated with the formation of weak graft unions with poor
vascular connections between the scion and rootstock. By
using gene regulatory networks, they identified hub genes
potentially regulating grafting success, and in particular fo-
cused on genes potentially regulating vascular formation
(Thomas et al., 2021). Their analysis predicted that WOX4
regulates the expression of VASCULAR-RELATED NAC-
DOMAIN and NAC SECONDARY WALL THICKENING
PROMOTING FACTOR4, genes involved in xylem dif-
ferentiation, and they showed that the presence of WOX4
is required in at least one grafting partner in order for the
scion and rootstock to connect (Thomas et al., 2021). Deter-
mining whether overexpression of WOX4 in incompatible
pepper/tomato or tomato/pepper grafts could increase graft
compatibility and whether overexpression of WOX4 could
increase graft compatibility in other species should be a pri-
ority. It will be interesting to learn what mechanisms regu-
late WOX4 and ultimately identify the signal(s) triggering
this graft incompatibility response.

A new method of grafting monocotyledons

A wide range of grafting techniques have been developed to
graft together different herbaceous and woody species (Box
1). Up until recently, it was widely accepted that the absence
of vascular cambium and the presence of scattered vascular
bundles in monocot stems would prevent monocot grafting.
However, Reeves et al. (2021) experimentally determined
that the embryonic hypocotyl (or mesocotyl in grasses) allows
intra- and interspecific grafting in all three monocotyledon
groups. These grafts were shown to be functional because
fluorescent dyes moved between the scion and rootstock, and
because complementation assays were successful for the move-
ment of xylem/phloem mobile hormones. Reeves et al. (2021)
developed a protocol that could graft together a wide range
of monocots including some crop species such as banana, date
palm, pineapple, onion, oil palm, and tequila agave, and showed
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that grafting ability is conserved across all three monocoty-
ledon groups: the commelinids, lilioids, and alismatids. There
had been previous reports of monocot grafting in the liter-
ature (Krenke, 1933; Muzik and LaRue, 1952, 1954; Muzik,
1958); few details were given in these early papers, but some
authors reached similar conclusions to those of Reeves at al.
(2021). For example, it appears that Muzik and LaRue (1954)
were correct when they stated, ‘a cambium is not an absolute
requisite for grafting but a meristem is’. Reeves ef al. (2021)
found that young tissues have a higher rate of fusion than older
tissues, but we do not know what molecular mechanisms are
involved and what characteristics make young cells easier to

graft. It is possible that younger cells are in a less differentiated
state than older cells, which could facilitate the more rapid in-
itiation of cell expansion and new cell divisions.

The work described above raises the interesting question of
whether the ability to graft is conserved across vascular plants.
‘We now know that monocots and dicots can be grafted, along
with gymnosperms (such as conifers; Blada and Panea, 2011,
2012), suggesting that all seed plants are potentially graftable.
There is some literature to suggest that pteridophytes can be
grafted: the cinnamon fern, Osrmunda cinnamomea, was grafted
but the grafts were stunted, and no vascular connections were
observed at the graft interface (Hicks et al., 1967).

Box 1. Plant grafting methods

in green and the rootstock in blue.)

Monocot grafting

Hypocotyl grafts

Many different grafting techniques are used; manual grafting is technically demanding, but some grafting machines are
commercially available. The graft interface is susceptive to dehydration during the early stages of graft union formation
so it needs either physical protection or to develop in a humid environment. (In the drawings below, the scion is depicted

\/

Monocot grafting requires very young tissues such as the shoot-root interface of the embryonic mesocotyl of seeds; the
shoot (plumule) of seed is removed and replaced with the plumule of another seed (Reeves et al., 2021). The success of
monocot grafting seems to be dependent on the species studied, but presumably this newly developed technique could
be improved upon in the future for commercial applications (Reeves et al. (2021)).

Hypocotyl grafting is widely used in the commercial production of grafted vegetables (Colla et al., 2017) and has been
extensively used in scientific research (Bartusch and Melnyk, 2020). Although this technique is technically demanding
when done on small plants such as Arabidopsis, it generally has high grafting success rates.
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Box 1. Continued

Herbaceous stem grafting
Herbaceous stems are also easily grafted; flowering stem grafts are used for scientific purposes in Arabidopsis (Bartusch
and Melnyk, 2020) as well as other species. Some herbaceous stem grafts are also made commercially.

Table-top grafting of perennials

Table-top grafting of woody perennials involves cutting and assembling overwintering branches of the scion and
rootstock genotype, for which numerous grafting machines are available. However, unlike other grafting techniques,
the grafted plant must produce both a graft union and adventitious roots on the rootstock in order to survive. In
species with poor rooting capacity, assessing graft failure is difficult as plant survival depends on both root and graft

union development.
[

Field grafting of perennials

For fruit trees, rooted rootstocks are generally grown in stool beds for 1 year, the rootstock shoot is removed, and the
rootstock is top grafted with the scion genotype. The most widely used technique is chip budding, when the scion is only
one bud, therefore limiting the size of the wound inflicted on the plant during grafting.
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Box 1. Continued

Different simplified grafting techniques

Various simplified ‘grafting’ techniques have been developed, such as in vitro stem grafting (Pina et al., 2012; Kawakatsu
et al., 2020), which can be used to phenotype scion/rootstock adhesion and callus cell proliferation at the graft interface,
and callus grafting, which has been used to study cell wall changes and plasmodesmata formation at the callus graft
interface. (Pina and Errea, 2008; Pina et al., 2009; Hertle et al., 2021; Machin et al., 2022).

How recent developments in the field of
grafting could shape the future

The recent advances in grafting research made by Notagushi
et al. (2020) and Reeves et al. (2021) open up the possibility
of grafting a wider range of species together than previously
imagined for both research and commercial applications. The
benefits of grafting with rootstocks that provide disease resist-
ance have been exploited commercially in the production of
perennials such as grapevine and citrus trees since the mid to
late 19th century (Mudge ef al., 2009). Selecting separately for
root traits can allow breeders to access a larger gene pool (such
as wild and more distantly related species) than available in elite
cultivars, while being able to keep the taste that consumers like.
For example, in viticulture, using rootstocks tolerant to Phyl-
loxera (an insect pest that causes plant mortality by root feeding)
has proven to be a sustainable and environmentally friendly so-
lution for ~150 years, while keeping the desired scion cultivars.
Hopetully, similar approaches could solve problems related to
the production of important monocots such as banana and date
palm, which are susceptible to various soil-borne pathogens
and pests. However, although bananas are perennial crops, the
perennial structures are the rhizome and root system, which
produce new suckers or shoots for the next cycle of growth.
Presumably, the rhizome is only the rootstock genotype, so this
would suggest that commercial grafting of bananas would re-
quire regular planting of grafted plants, which may be beyond
the reach of small-scale producers. There is probably a higher
potential to graft date palm commercially; although suckers are
also the main method to propagate date palm today, one shoot
can survive and produce fruits for many decades, which could
offset a higher plant cost of grafted material.

Challenges of studying grafting in plants

Phenotyping grafting success is challenging as causes of graft
failure are multiple and may be different depending on the
scion/rootstock combination. Graft failure can be due to tech-

nical errors and poor workmanship; seemingly well-aligned
scion and rootstocks may actually not be in close enough prox-
imity for the graft union to form. Graft failure can also be due
to the presence of (potentially unknown) pathogens and dif-
ferences in pathogen sensitivity (Rowhani et al., 2017). This is
a particular problem for clonally propagated perennial crops. It
is important for researchers to graft sufficient plants when cal-
culating success rates, and ideally to perform independent rep-
etitions of the grafting series or with independent batches of
seeds or wood/buds. Differences in seed or bud/wood quality
could affect grafting success and make characterizing genetic
diversity of grafting success erroneous.

In addition to the difficulties associated with phenotyping
grafting success, unequivocally demonstrating that a candidate
gene has a role in graft union formation is also difficult. Char-
acterizing constitutive mutants or overexpressing lines can result
in grafting success phenotypes, which are caused by differences
in grafting technique rather than the failure of intrinsic graft
healing mechanisms. For example, it can be more difficult to
graft plants with thinner or thicker stems or hypocotyls, there-
fore reducing grafting success rates because of difficulties asso-
ciated with aligning the stems optimally rather than graft union
formation per se. For this reason, the functions of genes putatively
related to graft union formation are more precisely character-
ized by changing their expression locally at the grafting site. The
function of GH9B3, for example, was characterized under the
wound-inducible promoter RAP2.6 in Arabidopsis (Notaguchi
et al., 2020). Accurately determining whether a gene regulates
one specific process of graft union formation is also challenging
due to difficulties in phenotyping the graft union (see Box 2).

Problems of graft union formation could also be due to differ-
ences in the kinetics of wounding responses between the different
genotypes of a grafted plant. This is potentially more of an issue
for perennial grafts in which overwintering tissues are grafted in
the spring—differences in bud and vascular phenology between
the scion and rootstock could lead to a lack of coordination in
graft union formation mechanisms between the two partners. To
date, there have been no studies to address these questions.
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Box 2. Phenotyping graft union development

Imaging the graft interface. Histological examination of the graft interface in plants began ~100 years ago (Bailey, 1923),
and continues today. However, 2D images can be of limited usefulness as the same graft interface imaged at different
angles and locations can lead to different interpretations. This is because the graft interface is a mixture of many different
tissue types heterogeneously distributed across the graft interface; in some areas, the scion and rootstock can appear
fused together, whereas in others there may be little connection. One example of this heterogeneity is cell wall thickness,
which varies from 6 nm to >1300 nm (Chambaud et al., 2022), highlighting how difficult it would be to identify a gene
regulating cell wall thickness at the graft interface. Because of the difficulty of understanding a complex 3D tissue with
2D images, some studies have used 3D imaging techniques such as X-ray tomography (Milien et al., 2012) and magnetic
resonance imaging (Bahar et al., 2010), but these studies have been of relatively low resolution. The development of a
high-resolution 3D phenotyping system, which provides quantitative measurements, would be a major breakthrough.
Quantifying vascular connections. Different approaches can characterize vascular connections at the graft interface;
some use the movement of dyes (Schoning and Kollmann, 1995, 1997; Flaishman et al., 2008; Notaguchi et al., 2009;
Melnyk et al., 2015) or radioactive isotopes (Schoning and Kollmann, 1995, 1997). Quantifying movement between the
scion and rootstock is challenging because transport rates depend on many factors, for example xylem transport depends
on transpiration rates. Developing a 3D imaging system to quantify functional xylem vessels (labelled with contrast agents
or dyes) would be ideal, but has not yet been developed. For xylem connections, scion/rootstock connections can be
assessed with measurements of hydraulic conductivity (Atkinson et al., 2003; Solari et al., 2006; Gasco et al., 2007),
which has the advantage of being quantitative and does not require expensive equipment to set up. Xylem connections
can also be assessed indirectly by placing the grafted plants in environmental conditions with high evaporative demand
and assessing plant survival; surviving plants are considered to have sufficient vascular connections to support the scion
Quantifying mechanical strength of the graft union. In nurseries producing perennial crops, one of the criteria to
select plants for commercialization is the resistance of the graft union formation to mechanical force (Carrere et al., 2022).
For annual plants, the bend test is useful in academic research to assess the biophysical integrity of grafted combination
(Thomas et al., 2021). However, these techniques are not quantitative and highly depend on the person performing the
test. An in vitro method to assess Nicotiana benthamiana stem grafts has been developed to measure the adhesion
strength up to the breaking point when the two grafted partners separate (Kawakatsu et al., 2020), and a quantitative test

has been used to measure the strength of Arabidopsis graft (Melnyk et al., 2018).

Conclusion

Humans have been grafting plants for thousands of years
(Mudge ef al., 2009), and the use of grafting, particularly for
vegetable crops, has increased recently (Colla et al., 2017).
Grafting offers the potential to change the root system of
shoot crops, and potentially the shoot of root crops. Root-
stocks have the potential to adapt crops to different climates
(Gregory et al., 2013; Albacete et al., 2015) and potentially
mitigate the effects of climate change; however, in order to
be used commercially, nurseries need economically acceptable
graft success rates. Using wild relatives and related species of
crop plants is often cited as a strategy to increase climate re-
silience (Bohra et al., 2022), and this is also the case for root-
stocks (Ollat et al., 2016). Although increasing the genetic
diversity of crop species cultivated has numerous benefits, in
grafted crops maintaining high grafting success rates is essen-
tial. Quantitative genetic studies on grafting have been slow
to appear compared with other traits such as biotic or abiotic
stress resistance, or fruit quality. This is because of the chal-
lenges associated with phenotyping grafting success in large
populations as many thousands of grafts need to be produced
which is a logistical challenge. In addition, in perennial crops,

it could take many years for the plants to produce the quantity
of woody stems/buds necessary to perform large numbers of
grafts. To add further complexity, in some cases, poor graft-
ing success appears many years after grafting, which rapidly
increases plant maintenance and phenotyping costs. Partly for
these reasons, there has been intensive research effort to iden-
tify proxies or markers of grafting success, markers such as
transcripts, proteins, enzyme activities, and secondary metabo-
lites (as reviewed by Loupit and Cookson, 2020); however,
this strategy has so far been of limited success and has not yet
been applied to quantitative genetics studies. Recently, two
studies have been published on Prunus grafts which described
the genetic variation in anatomical characteristics of the graft
union (Irisarri ef al.,2019), and tentatively identified quantita-
tive trait loci of graft compatibility/anatomy in a scion map-
ping population (although the study was limited to only 92
individuals, n=5—10, and heritability was not calculated; Pina
et al.,2021).

Transferring knowledge of the molecular mechanisms of
graft union formation to breeding programmes in grafted
crops has the potential to expand the range of genotypes that
can be grafted together in the future. For example, selecting
genotypes which intrinsically express high levels of GHYB3
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in the stem, or the application of GHIB3 or cellulases to the
graft interface, could be used commercially to increase grafting
success in crop species. Certainly, other molecular mechanisms
could be exploited in the future to facilitate both grafting suc-
cess rates in nurseries and the range of genotypes that can be
grafted together commercially.
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