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Abstract: Plant grafting is a maneuver humans learned from nature and has been practiced since
ancient times. The technique has long been applied for efficient propagation as well as for the
modification of the traits of interest, such as stress tolerance, tree size, and fruit quality. Since
grafting can enhance the environmental tolerance and disease resistance of a plant, its techniques
are now used not only in tree species but also among vegetables. Despite such wide advantages
of grafting, however, the potential cause behind a compatible graft establishment (scion-rootstock
connection) is yet to be fully understood. As compared to succulent herbaceous plants, woody plants
often take a longer time for the graft-take and the plants may exhibit incompatible /unsuccessful
graft-establishment symptoms within a period ranging from months to years. In this review, we
discuss factors involved in a successful/compatible graft establishment along with bottlenecks of our
understanding and future perspectives in a simplified manner- particularly focusing on incompatible
graft formation on fruit trees based on earlier studies in the field.
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1. Introduction

Plant propagation is intricately linked to human civilization and both have shaped
each other’s evolution through history. While most crop plants are propagated sexually,
some can multiply via asexual means. In our earlier review, we discussed the series of
events and molecular factors playing roles in successful fertilization [1]. In this review, we
are focusing our discussion on grafting, a mode of asexual propagation that combines two
plant parts (Figure 1). It has been in practice for more than a thousand years ago [2]. It
has often been suggested that early farmers practiced and established mechanical grafting
after noticing naturally joined plant parts of the same or different plants [3]. Grafting offers
the potential of exploiting the desirable characteristics of rootstocks for the scion (and
vice versa), which would not be possible in a non-grafted plant. However, not all grafted
partners join successfully. Successful healing of a graft combination requires completion of a
series of molecular and physiological events at the graft joint such as cell-dedifferentiation,
cellular recognition, callus bridge formation, removal/purging of the necrotic tissues,
cell-redifferentiation, and vascular connection establishment. Graft-incompatibility often
results from the failure/delay of one or several of these physiological steps. While grafting
is a common practice in woody and/or fruit crop propagation, the studies in herbaceous
models have widened our understanding as it can produce quick results. However, since
the herbaceous and woody plants are physiologically distinct, we need to be cautious
about translating the observations made in one group to the other. Furthermore, while
generalizing the observations made within the woody species is relatively more reliable
than that made in the herbaceous model, we still need to be cautious of the differences
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within the woody plant species as they could still have significant physiological and
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A

anatomical differences [4,5].

@) (b)

(d)

Figure 1. A typical grafting (wedge) procedure. The scion and rootstock cut surfaces are properly

aligned (a,b) and the union is covered with grafting tape (c) to support the union establishment.
Depending on the graft partners, the normal graft establishment (d) in tree species could take weeks.
(e) Incompatible combinations of graft partners with differential growth rates may exhibit swollen
graft union.

Based on the anatomical and physiological observations, graft incompatibilities are
categorized as ‘translocated” and ‘localized’. The former is characterized by hindrance of
the metabolite (particularly carbohydrate) flow from scion to the rootstock- hence called

‘translocated incompatibility’. The latter is characterized by the overall tissue discontinuity

of the graft partners at the graft union due to aberrant growth of the partner tissues [6-8].
While the anatomical and physiological factors behind incompatibility response may differ
from one graft combination to another, the incompatible combinations, in general, have poor
connectivity [5,9]. Unlike early incompatibility, which often exhibits vascular connection
failure at the graft union, delayed incompatible graft combinations are elusive as they are
exhibited abruptly after years of visibly normal growth [10-12]. For such initially ‘invisible’
incompatibility, researchers have attributed it to biochemical factors rather than anatomical
imprints [5,13].

While there are some excellent recent reviews in the field [14], in this review, we have
particularly focused on the graft compatibility in fruit trees and the factors behind along
with a brief discussion on some prerequisites.

2. Grafting Practice Generates Potential Varieties and Benefits

Grafting offers an opportunity of achieving difficult or otherwise almost impossible
benefits in a combined plant unit. After being fascinated by the instances that a graft-
union-derived plant could produce the fruits exhibiting the characteristics of both graft
partners, Darwin earlier famously coined the term ‘graft-hybrid” and strongly pointed
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toward its yet indescribable profound implications in plant propagation. While, after more
than a century, the term and its meaning are still being debated over- does it mean a graft-
chimera or somatic hybrid or nuclear/plastid genome transfer? However, the beneficial
(and often combined) attributes of grafting are undeniable [15]. When it comes to grafting,
we often think of the graft combinations, especially the selection of rootstock, that would
essentially improve the scion growth and yield [16]. Such intended grafting benefits could
be plant adaptability (weather hardiness), disease tolerance, tree growth, yield, fruit size
and quality, floral precocity, etc. [17-20]. Studies show that heterografting led grafting
vigor is associated with increased DNA demethylation at scion [21,22]. However, being
a combined unit, a successful/compatible graft combination is expected to be mutually
beneficial /supportive to both scion and rootstocks (in a physiological sense). Even though
few, studies have shown that scion can exert differential genetic and physiological behavior
of the rootstocks leading to changes in its leaf, stem, and root-biomass [23-27]. An earlier
review by Gautier, et al. [28] highlights the scion effect on root growth in more detail.

3. Grafting Skill: Crucial External Factor behind Uniform Graft-Take

Grafting techniques and maneuvers may vary depending on the objective and plant
species. However, the human factor plays a major role while assembling the graft part-
ners. Proficiency in grafting techniques and skills is often considered to determine graft
success [29,30]. Proficiency in using grafting tools and accessories with efficient technical
know-how is crucial for a uniform outcome [31]. Furthermore, not all grafting methods are
efficient for any plant species. Whip and tongue as well as wedge grafting is often practiced
on woody plants. Conifers, on the other hand, give better results with side veneer grafting.
While automated grafting tools and technologies have been developed, such technologies
are still not widely adaptable to all plant types/stages [2]. Clean incision followed by
proper alignment of the graft surfaces is a prerequisite for a successful graft-take. However,
while aligning the cambial regions of the two graft partners may produce a higher graft
success rate as some studies suggest for the potential involvement of the cambial layer in
the callus production and bridge formation [32], according to other observations, it may
not be quintessential for the development of a functioning callus bridge and, subsequently,
a compatible graft union as secondary phloem and inner cortex contribute to the higher
proportion of the induced callus [5,30,31,33,34]. Even then, since the tools and techniques
are prone to be differentially used from person to person, single-handed work is often
preferred while assessing the graft compatibility in plants.

4. Choice of Graft Partners: Demands vs. Plant Physiology

Like in many other fields of plant science, human desire has driven trials to widen
graft compatibility by manipulating the inherent genetic and physiological factors. How-
ever, despite several studies in the field, the full picture of the factors behind a com-
patible graft establishment has yet remained incomplete. In general, phylogenetically
distant plant species are more likely to be graft-incompatible [35]. Sometimes, such a
feature is taken into consideration while confirming the hierarchical classification of du-
bious classes/species [29]. However, taking phylogenetic closeness alone for the graft-
compatibility assessment/prediction could be misleading as indicated by several other
studies on woody and herbaceous plant species [6,36,37]. Alternatively, several studies
have reported that the matching peroxidase isozyme profile of the scion and rootstock
species at the time of grafting is a good indicator of compatible graft establishment, even if
the graft partners are phylogenetically distant [9,38,39]. Interestingly though, as observed
in Prunus spp. at 4-8 months after grafting, incompatible graft interfaces are often char-
acterized by high peroxidase activity [9]. The high reactive oxygen species (ROS) at the
graft junction is also taken as a sign of graft incompatible [12,40]. Studies also show that
many graft incompatibilities occur due to pathogen (particularly viral) infection of the graft
partners [5]. Rootstocks better at adapting to diverse biotic (pathogen and disease) and
abiotic (draught and water use efficiency, salinity) factors are preferred over those with
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narrow adaptability ranges. Rootstock affects the transpiration rate of the scion by control-
ling its stomatal opening and closure via hydraulic and hormonal root-to-shoot signaling.
Moreover, those conferring high growth vigor are more efficient on water uptake and
resource allocation during active growth period. Rootstocks with low vigor on the other
hand, exhibit higher sink to source ratio and contribute to better berry quality in grapes
(reviewed by Marin, et al. [41]). Proper care and handling of rootstock lines (irrigation,
cutting/pruning, fungicide application etc.) while keeping them disease/pathogen-free
are important for achieving expected graft performance [42]. Hence, the initial selection
of the graft partners that are disease/pathogen-free, phylogenetically close, contributing
to expected tree vigor, exhibiting similar peroxidase isozyme profiles, and with low ROS
activity at the graft junction would increase the potential of compatible graft establishment.
Hereafter, we will go through each of the mechanical and physiological steps of grafting
and discuss the differences between compatible and incompatible graft unions.

5. Graft Establishment: Basic Requirements
5.1. Wounding Response: A Necessary Nuisance

Wounding response is an essential first step in mechanical grafting. Observational
studies in woody plants showed that, under an open and uncontrolled environment, the
tree response to wound varies by the time in a year. Swarbrick [43] meticulously classified
the wound response of several woody species into three distinct categories based on his
year-round observations (in England). An interesting observation of the study was that
the pith is clogged up relatively early during the healing process assisted by the callose
deposition [44]. However, the blocking (clogging) patterns of the stem were found to vary
with the type and site of wounding (Figure 2). A horizontal cut leads to clogging up of the
pith followed by side tissues (Figure 2a). When the stem was wounded at an oblique angle,
the clogging at the cut surface occurred obliquely as well (Figure 2b). The clogging-up of
the wounded stem close to a living branch, on the other hand, depends on its emergence
(Figure 2c). Such blockage is crucial to prevent potential leakage of resources and the entry
of pathogens. While the wound response of the tree can be comparable to the graft-wound
(rootstock in particular), the major difference would be that the wound is not left exposed
in grafting (at least at the graft junction). Since plant cells are totipotent in nature, the
‘instinctive” wounding cue of the top plant part (scion in the grafting sense) is expected to
either grow fresh roots or attach to the tissues of compatible host/rootstock. The bottom
part (rootstock in the grafting sense), on the other hand, either needs to clog up the wound
and/or, if the above cut surface is accessible, reconnect tissues otherwise grow new lateral
branches. Such assumption is partly corroborated by some of the relevant studies in the
field. Girdling, which essentially disconnects phloem in a stem, is known to enhance
the rooting potential of the cuttings in woody plants by increasing the carbohydrates,
polyamines, and phenolic compounds statuses in it [45—47]. The interruption of basipetal
TAA (indole acetic acid; an auxin member) movement (and its overaccumulation at the
scion) is reportedly one of the known causes behind such phenomenon [48]. In another
case, top part removal or bud excision essentially removes the apical auxin synthesis part
and top-to-bottom auxin flow thereby relieving the plant of the repressive effect on lateral
branching caused by the apical dominance [49,50].
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Figure 2. Typical wound-induced clogging up pattern in trees. The first and second images in each
sub-figure represent wounding type/condition and virtual sectioning (for better visualization of the
clogging patterns), respectively: (a) clean horizontal cut leads to clogging up of pith followed by
side-by tissues; (b) oblique cut leads to the formation of the clogged-up barrier in parallelly oblique
position; and (c) when there is a branch present beneath the cut surface, the clogging up occurs in
such a way that the nutrient and metabolite flow to and from the branch would not be hindered.

5.2. Mechanical Adhesion: A Necessary First Step towards Compatible Graft-Establishment

Wounding-induced callus formation graft surgery needs to be preceded by the ad-
hesion of two graft-partner surfaces to progress towards compatible union formation
(Figure 3, Table 1). Studies have shown that pectin plays a crucial role during this step. An
observational study in Solanaceous plants showed that pectinaceous materials at the graft
interface are crucial for the establishment of initial ‘mechanical union’ [51]. Moreover, as
observed among solanaceous plants, the tissue adjoining is initiated at the center (pith) of
all graft combinations after a few hours of assemblage, which expands laterally afterward.
However, such initial adhesion at the graft surface does not necessarily guarantee the
success of graft-establishment/graft-compatibility, unless a functional vascular connection
is established between the graft partners later on [35,51]. The pectinaceous materials get
incorporated into a common wall complex at the graft junction, which thickens for up to
4 days after grafting in herbaceous plants (tomato in particular) due to the polymerization
of the secreted wall precursors [35]. Such initial adhesion seems to be further strengthened
by the resins excessively secreted by some plants like mango [33]. Anatomical observations
made during the very early stages of graft establishment in herbaceous plants have shown
the accumulation of dictyosomes along the cell walls of the unwounded cells adjacent
to the necrotic layer suggesting their potential role in the pectinaceous material (pectin,
carbohydrate, suberin etc.) secretion [52,53]. Such secretions, along with the wounded cell
debris, contribute to the necrotic layer formation, which disintegrates after callus prolif-
eration in compatible graft-combinations [54]. A successful graft-establishment requires
swift rupture of the necrotic layer probably following yet unidentified cues of tissue joining
compatibility at the graft junction. An incompatible graft-junction, however, often exhibits
an ‘ever thickening’ necrotic layer at the junction [52,55].
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Figure 3. Basic anatomical states of graft establishment. (a—f) Typical transverse sections at the

progressively healing graft union: (a) mechanically attached scion-rootstock combination with
virtual sectioning at the graft joint; (b—f) magnified structure of a typical transverse section at the
progressively healing graft union; (b) freshly attached scion and rootstock; (c) pectinaceous materials
are secreted at the graft union and the attached graft partner surfaces are mechanically attached;
the secreted pectinaceous materials, along with the cell debris forms a necrotic layer at the graft
interface; (d) wound signal perception leads to the callus production at the graft interface, which thins
out the necrotic barrier leading to the establishment of a callus bridge between two graft partners.
The magnified image shows the proliferating callus cells before callus bridge formation at the graft
interface; (e) a seamless connection is established at a compatible graft union; and (f) partially
compatible graft unions often exhibit the remnants of the necrotic layer and/or aberrant vascular
continuity. In severe incompatibility cases, the necrotic layer never disintegrates at all. i = cork and
epidermis ii = cortex; iii = phloem; iv = vascular cambium; v = xylem; vi = protoxylem; vii = pith.
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Table 1. Compatibility and incompatibility responses with graft-establishment progress.

Serial No. Graft Progress Physiological Characteristics Metabolic Changes Compatibility Features Incompatibility Features
Clogging-up of the stem at the
wounded site. - Poor wound compart-
Overaccumulation of mentalization due to
o photosynt}}ate and e}uxin (IAA) - Callose secretion  poquction of metabolite inherent build-up of
1 Incision due to the interruption of their at the wounded leakage the graft partners.
basipetal movement in scion. site. ge: - Narrow cell wall
Absence of apical dominance reconstruction
in rootstock (when the top part plasticity.
is removed).
Secretory vesicles like
Mechanical dictyosomes accumulate in the
adhesion of graft unwounded cells at their graft - Secretion of . .

5 partners; necrotic interface and contribute in pectinaceous Mechanical graft-union - Poor pectinaceous
layer formation at pectinaceous material ma'terials and establishment. material secretion.
the graft interface secretion. . resins.

Formation of the necrotic layer
at the graft interface.
- Poor callus-bridge
formation and
Gap-filling by the proliferating - Amelioration of Egﬁg&?ﬁe :rf at the
calli at the graft interface. the metabolic raft-inter?ace
Callogenesis and Gradual purging the interface and hormonal . ) ) } ig’ersistent an dvlonger
3 bridge of the necrotic tissues. disparities Initial physwloglca} duration of
establishment Sharing of the cell wall by the between the graft-union formation. disparities in
calli from opposite graft scion and meltoabolites and
partners and callus-bridge rootstock h in th f
formation. partners. ormones in the graft
partners.
- Accumulation of
cationic peroxidases.
- Persistent
accumulation of
phenolic compounds
Cellular C‘allus to ve}scular tissue - Establishment of zﬁg S;Si(\)/l;c?\?;c acid

4 redifferentiation differentiation f.ollowe'd b},' the normal . Functional graft-union hindering cell wall
and vascular Vascul.ar /cambial continuity metabolite flow establishment. plasticity and cell
continuity establishment and periderm across the membrane

formation. graft-joint. o
permeability.

- Failure to establish
efficient vascular
continuity.

Although there has not been any direct link between the upregulation of pectin
biosynthesis-related genes and graft compatibility, several studies have reported changes
in the expression of the genes encoding cell-wall modifying enzymes [37,56]. However,
the studies indicate that those enzymes contribute to the post-callus-proliferation cell-
cell adhesion process instead of the initial mechanical adhesion of the graft partners.
Alternatively, since pectin is localized at the middle lamella, its initial and almost immediate
secretion at the wounding site could be due to the mechanical pressure of intact cells
juxtaposed interior to the damaged cells.

A recent study in Arabidopsis by Zhang, et al. [57] showed that changes in cellulose or
pectin matrices are sufficient to activate wound response thereby triggering callus formation.
The study further observed the activation of four particular DOF (DNA binding with one
finger) related transcription factors at the graft junction, which play role in post-wounding
callus formation, pectin methylesterification, tissue adhesion, and vascular differentiation
in plants. Earlier studies have additionally reported that members of wound-inducible wall-
associated kinases (WAKs, WAK1, and WAK2 in particular) harbor N-terminal extracellular
domain with binding affinity to pectin essentially serving as pectin receptors (reviewed
by [58]), indicating that plant cells ‘sense” extracellular pectin status and trigger wound
response upon any abrupt changes. Though the mechanics are yet poorly understood, the
pectin-rich middle-lamella alters throughout the plant lifecycle and is apparently tightly
regulated during the process (for details, check [59,60]). The accumulation of pectin at the
graft junction is quintessential during early stage of graft establishment. However, its thick
layer needs to be dissipated and plasmodesmatal connections need to be established be-
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tween the cells at the junction for a compatible graft union [51,61]. Relatively recent studies
in Prunus spp. have also shown that pectin (and insoluble carbohydrates) deposition at the
graft junction within a week after grafting is common for both compatible and incompatible
graft unions. However, the level of pectin gradually decreases with cell differentiation
(vascularization of the dedifferentiated callus) in compatible combinations, while it tends to
remain at least at the same level in the incompatible ones [62,63]. Interestingly, a hypocotyl
grafting study in tomato has revealed that the wound response triggered due to the initial
severance of the graft partners is gradually subdued. Furthermore, unlike the incompatible
union, a compatible combination alleviates the asymmetry of wound-responsive elements
between the graft partners [64]. The study showed differential contents of jasmonic acid
(JA) and its isoleucine conjugate (JA-Ile) in the non-grafted scion and rootstock plant parts
with the former having higher contents of both as compared to the latter. The trend of
JA and JA-Ile content was opposite during the 12-hr window after grafting. While the
JA-content was the lowest at the beginning and end, that of JA-Ile was highest during
those times.

5.3. Callus-Bridge: A Necessary Physiological Embrace of the Graft Partners

Callus, a mass of parenchymatous cells, is also referred to as ‘wound tissue’ as it
is essentially triggered at any wounded plant tissue. Its formation is initiated from the
cambial cells at the cortex of the graft partners, (often) rapid proliferation of which fills
in empty space between the scion and rootstock interface [11,54,65]. However, callus
proliferation and gap-filling alone do not facilitate the metabolite and nutrient flow across
the graft junction [66]. Interestingly, observations show that woody species initiated callus
proliferation relatively earlier at their rootstock interface as compared to that in their scion
counterparts as reported in in vitro micrografted four-week-old kiwifruits [65] and ex
vitro propagated six-week-old mango seedlings [33] at three days after grafting. However,
studies in herbaceous plants show that the case could be the opposite in them. As observed
in Arabidopsis, the scion interface exhibits higher cellular proliferation as compared to the
rootstock interface at least two days after grafting, which subsides to nonsignificant by
three days of grafting [67]. Furthermore, an interesting observation in the mango grafting
study suggested that callus cells are prone to divide periclinally with respect to the incised
surface at the graft junction forming a ‘fan-shaped’ callus region with the fresher cells
proliferating vertically and their older progenitor cells proliferating laterally [33].

Callus proliferation followed by the callus bridge formation between the graft partners
is necessary and is an initial sign of graft compatibility, which unlike in herbaceous plants,
may take weeks in woody counterparts [31,66]. During this stage, the proliferating calli
(generally from both graft-partners) invade and rupture the necrotic layers thereby coming
in contact with the cells from the graft-partner and sharing a common cell wall during the
bridge formation [31,68]. Itis quintessential for the proliferating callus cells of opposite graft
partners to come to close proximity for the bridge establishment. However, whether cellular
recognition plays any role in the process is still being debated. Movement/absorption of
putative protein molecules secreted by the cells of opposite graft-partner at the junction and
hence forming a macromolecular complex potentially involving molecules like glycoprotein
receptors and lectins had been proposed to be a prerequisite for a graft establishment. Such
postulation has been made based on the report that graft unions synthesize additional
proteins that are not synthesized at the non-grafted wounds [35,51]. Such a report has
been corroborated by more recent transcriptomic studies in the herbaceous model as well,
which showed that unlike in non-grafted graft partners, grafted ones exhibited vascular
formation-related gene expression [69]. However, while it cannot be completely ruled out,
no specific molecule playing a direct role in cellular recognition has been identified to this
date, even though the host-parasite joint establishment by mistletoes has been suggested to
employ lectin I during the process [70-72]. Alternatively, Moore [73] strongly argued that a
specific cellular recognition process would not be necessary during graft union formation.
He demonstrated that compatible grafting partners still exhibit vascular redifferentiation
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at the graft junction even when they are separated by a porous membrane filter which
hindered direct cellular contact but allowed the flow of diffusible messenger compounds.
The researcher additionally pointed toward the fact that certain peach and plum varieties
cannot form graft-union of similar compatibility when grafted reciprocally and argued
that instead of cellular recognition, the deposition and polymerization of cell wall material
at the graft interface may be more crucial for the mechanical cohesion between the graft
partners (Moore, 1984). Furthermore, based on earlier report that certain pear and quince
cultivars can form compatible graft unions at lower temperature but become incompatible
when practiced at hot seasons, it was argued for the involvement of potential ‘non-specific
toxins’ like cyanide and derivatives as potential culprit behind incompatibility, which
would essentially override the ‘compatible” physiological status in graft-combinations
(see [11,73]). Earlier review by Andrews, et al. [30] has discussed the topic in more detail
and suggested for potentially complex and diverse mechanism of cellular recognition
behind graft compatibility.

Regardless of whether cellular recognition is involved in the process or not, studies
in herbaceous models have shown that the cells at the site of incision undergo only mild
senescence in compatible grafts, but, in the incompatible combinations, those go beyond
the lethal stage and proliferated callus, that is a coincidental result of wounding, do not
rupture the necrotic layer [52,55]. Regarding the initiation site of callus bridge formation,
observations made in the cashew-mango graft combinations showed that the callus bridge
formation initiates at the cortex areas while the pith enlarges and undergoes division [54].

5.4. Cellular Redifferentiation and Functional Connection Establishment: The Main Road towards
Graft-Compatibility

Redifferentiation of the callus to vascular tissue can be observed only among the
compatible (and delayed incompatible) graft-union and is essential for establishing the
functional long-term union. Studies have shown that the necrotic layer-like depositions
at the graft interface disintegrated and were largely eliminated by the second month and
completely vanished by 3-5 months after grafting as assessed in mango and peach/plum
compatible grafts [9,33]. The vascular redifferentiation is followed by the cambial and
vascular continuity establishment and periderm formation while filling up the region
outside the cambium as observed in mango. The cambial linkage between two graft
partners was suggested to be due to the diffusions oozing out from their respective cambial
cut sites [33].

Incompatible combinations often exhibit the delayed formation of fresh cambium
along with lesser plasmodesmata coupling at the graft surface [63]. Additionally, a study on
the peach/plum graft combination for 100 days by Moing, et al. [7] showed that, unlike that
of the compatible graft unions, the cambial activity stops earlier in rootstocks than in scions
of the incompatible graft unions. Furthermore, the compatible unions produce a relatively
higher amount of freshly differentiated vascular cells as compared to their incompatible
counterparts [7,9]. The compatible peach/plum unions, characterized by normal graft
establishment, are additionally characterized by the continuous sieve elements across the
graft boundary. However, those in the incompatible combinations, often characterized by
the dysfunctional connection between the graft partners, often appear in the disordered
structure. Even though they both reportedly exhibit vascular connections, the compatible
combinations achieve their prevalence as observed in the combinations at five months
after grafting [9].

6. Potential Factors behind Graft Compatibility
6.1. Compartmentalization Efficiency of a Tree

Walling off the injured and/or infected region from the healthy tissue is essential
for the avoidance of pathogen infection after wounding. In trees, the phenomenon of
compartmentalizing the wounded region made by biotic and abiotic reasons has often
been explained using CODIT model (Compartmentalization of Damage/Dysfunction in
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Trees) [74,75]. The model suggests the roles of four protective boundary-setting conceptual
walls formed before (walls 1-3) or after wounding (wall 4). Wall 1 plugs xylem vessels by
tyloses or polyphenols, which impede the longitudinal spread of pathogenesis through the
stem. Wall 2 comprises the woody annual rings and restricts the decay in radial directions
through lignified fibers and polyphenolic compounds. Wall 3 (ray parenchyma) reduces
the transverse expansion/fungal spread, while wall 4 (cambial wall or the barrier zone)
separates the wounded /infected tissues from the new xylem laid down to the barrier zone’s
exterior. Wall 4 is a lignified and suberized parenchymatous zone of phenolic compounds
initiated by the cambium after wounding. In general, wall 4 is composed of multiple
layers and functions as the strongest of all. Santamour [74] pointed out that the cultivars
generally propagated via grafting/budding has strong wound compartmentalizers and
postulated that the trees with weak compartmentalization capabilities may not even be
successfully grafted onto themselves (autografting). With respect to the positive correlation
between the strong wall 2 and graft compatibility, the author discussed that it may be
because its build-up is correlated with the availability of starch, stored carbohydrates, in
xylem parenchyma suggesting that the trees are more efficient on carbohydrate storage and
utilization to develop stronger wall 2 could be better graft takers. More targeted studies in
the future may shed more light on this aspect.

6.2. Cell Wall Modifications

Cell wall reconstruction plasticity plays a crucial role in compatible graft establishment.
Studies have shown that cell wall modification is active [35,51] and associated genes are
upregulated at the graft union during the graft healing process [56,57]. It is very likely
that the species with a higher potential of upregulating cell wall modifying genes upon
wounding are highly compatible to grafting. A relatively recent grafting compatibility study
corroborates such assumption [37]. The study reported that the cell wall reconstruction
potential of plants may vary. Among several herbaceous and woody plants, Nicotiana
was found to establish graft union with a wide range of plants. The authors attributed its
potential to 5-1,4-glucanases, particularly GHIB3, secreted into the extracellular region and
involved in the cell wall reconstruction process near the graft interface [37].

6.3. Phytohormones

Auxin and cytokinin, at their varying proportions, regulate the cellular dedifferentia-
tion and redifferentiation processes [76]. A recent study on Kinnow mandarin grafted on
different citrus rootstocks reported a positive correlation between its vegetative growth
and the levels of IAA, gibberellic acid (GA), and zeatin). Furthermore, dwarf and vigorous
rootstocks had higher and lower levels of abscisic acid (ABA) [77]. ABA reduces hydraulic
conductivity of the rootstock [78] thereby conferring dwarf phenotype to the scion [79].
Dwarfing rootstocks often have a higher bark-to-wood (xylem) ratio, a trait suggested as a
marker for selecting such rootstocks [14]. JA on the other hand acts in coordination with
auxin and cytokinin, and positively affects cellular redifferentiation (xylem differentia-
tion in particular). Studies show that graft unions are characterized by the asymmetry of
hormone content between the graft partners, which unlike in incompatible combinations,
gradually subsides in their compatible counterparts [64,80]. A recent comparative study
in citrus showed increased ABA and reduced IAA contents in the incompatible citrus
graft combination (‘Hongmiyou” pomelo grafted on trifoliate orange) as compared to its
compatible counterpart (‘Guanximiyou’ pomelo grafted on trifoliate orange). The study
further associated such occurrences with the increase in starch accumulation and etiolation
traits [81]. Such hormonal disparities and associated traits between the graft partners
can be taken as graft-incompatibility indicators and should be considered while selecting
compatible graft partners.
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6.4. Balanced Photosynthate and Metabolites Translocation

In general, the early incompatible graft combinations often exhibit retarded growth
of both shoot and root [7-9]. The growth of the graft partners is directly associated with
the efficiency of photosynthate and metabolite flows across the graft junction. Graft
incompatibility accompanying vascular discontinuity, called ‘localized’ incompatibility,
results in breakage at the graft union. The ‘localized” incompatibility has been characterized
by graft union swelling, vascular discontinuities, and clear necrotic layer formation [30]. On
the other hand, plants often exhibit a ‘translocated” incompatibility response, which may
take several years to exhibit [6,9]. Translocated incompatibility occurs when some causal
factor(s), such as a toxin, is transported from one graft partner to the other. Some metabolites
produced in some mature tissues can be toxic to partner plants [30]. Furthermore, the
energy-rich state of the scion, often achieved via pre-girdling, is known to enhance graft
compatibility [82] by providing the scion a longer time window for self-sustenance until
the functional connection is established at the graft junction. Hindrances in the metabolite
flow lead to the yellowing and reddening of the leaves/wood, defoliation, reduction in tree
vigor, and senescence as reported in peach/plum [6] and grapes [12]. Furthermore, the
growth rates of different species vary, which largely correlates with the efficiency of their
hydraulic conductance [83]. Graft combination between the scion and rootstock exhibiting
differential growth rate may result in ‘localized” incompatibility [30]. Thus, various causes,
including mechanical, anatomical, and physiological reasons, result in both early and
delayed incompatibilities [10,84].

6.5. Polyphenols, Peroxidases, and Lignification

As also mentioned earlier, in the case of incompatible unions, the necrotic layer most
often does not fully disintegrate, and instead becomes even more prominent during the
latter time [52,55,84]. However, we need to be cautious while generalizing such observa-
tions because incompatible combinations may also purge the necrotic layers [7] and form
callus as well as xylem and phloem tissues albeit to a lesser degree at certain conditions
and seasons [7,9].

Phenolic compounds, particularly flavanols, are often credited for their crucial involve-
ment in scion-rootstock relations [11]. Moing, et al. [7] earlier documented that, unlike
compatible peach-plum combinations, their incompatible combinations are characterized
by the prevalence/persistence of ‘osmophilic’ granulations near the plasmalemma of some
sieve elements at the graft junction at later days of grafting. Zarrouk, et al. [9] additionally
reported the prevalence of phenolic compounds in the cells at the junctions of incompatible
peach/plum unions. Similar disparities in the polyphenol contents have also been made
in cherry [85,86], apricot [87], and pear [88]. Such differences were positively correlated
with the cellular degeneration and dysfunctional vascular connection assessed at the in-
compatible graft unions [9,89]. Anatomical observations have shown that the synthesis
of polyphenolic compounds is negatively correlated with the lignification status of the
graft union, i.e., phenolic compounds are synthesized at higher level when the lignification
process commences, which gradually decreases afterwards in the compatible unions [86].
However, duration of such disparities may vary with species [9,89].

The degeneration of the phloem sieve tubes and companion cells at the graft union of
incompatible/late-incompatible unions often appears along with the higher levels of pheno-
lic compounds accumulation at the site [5,9,55,73]. Phenolic compounds are also associated
with graft union formation. Lignin, a polymer of phenolic compounds (particularly of
coniferyl alcohol, sinapyl alcohol, and p-coumaric alcohol), is an important component for
compatible graft establishment. Compatible unions often exhibit progressive cellular ligni-
fication beginning from the callus to the differentiated vascular tissues [31,90]. Peroxidase
enzymes have been implicated for their involvement in the final step of lignin biosynthesis
as well as in auxin degradation [91,92]. Histological observations have often indicated
a correlation between the persistence of peroxidases and the increase of lignin [90]. The
biosynthesis of the peroxidase enzyme itself is regulated by phenolic compounds [92].
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The graft combination showing severe translocation defect exhibits higher peroxidase
activity [9]. Cationic peroxidases, in particular, are considered more reliable markers of
graft-incompatibility. However, studies have suggested that the peroxidase group confer-
ring graft incompatibility could be specific to particular combinations/species, as a study
in castor bean found four extracellular cationic isoperoxidases as potential players of lignin
biosynthesis [91] and studies in pear/quince [39] and in peach/plus grafting [9] have re-
ported one each. A study on zucchini showed that in contrast to their cationic counterparts,
anionic peroxidases are prevalent in the elongating cells and are negatively correlated with
the lignin content [93]. Strong positive correlation has been observed between the cationic
peroxidases and cellular lignification in poplar as well [94]. Studies show the parallelism
between the graft-incompatibility-induced and incompatible-host-pathogen-induced cellu-
lar lignification [90,95] suggesting the involvement of similar molecular factors. It is very
plausible but it requires further studies to conclude if the cationic peroxidase induced ligni-
fication is the key factor behind the hindrance of cellular expansion/connection/exchange
at the graft union.

Regarding polyphenols, a comparative study in several compatible and incompatible
cherry graft combinations revealed prunin as the most prevalent polyphenol followed by
chlorogenic acid and catechin in incompatible combinations. The study further showed
that one of the incompatible combinations (Regina/Gisela) had high p-coumaric acid,
which they attributed to its above-graft-joint-swelling as well as dwarfing phenotypes [86].
Prevalence of the compound in the dwarfing rootstocks and its association with early
graft-incompatibility has also been reported in cherry [96]. Similar observations have been
made on less compatible/incompatible wild loquat in which higher contents of p-coumaric
acid and flavonoids were identified [97] and chestnut in which higher contents of gallic
acid and catechin were detected [98]. Another study in cherry showed that the autografts,
homografts, and/or homogenic grafts often exhibit lower p-coumaric acid content as
compared to heterografts/heterogenic grafts [86].

p-Coumaric acid can serve as a precursor of prunin, gallic acid, and catechin, and its
conversion to prunin is enhanced under stress conditions. While the prunin enhances the
oxidative decarboxylation of IAA, a hormone crucially important during graft establish-
ment, p-coumaric acid reportedly functions as an IAA antagonist [99,100]. Furthermore,
p-coumaric acid enhances the acropetal auxin transport and, unlike most other phenolic
compounds, p-coumaric acid plays role in decreasing cell wall permeability [100]. Exoge-
nous treatment of p-coumaric acid to an herbaceous plant, soybean, ameliorated H,O,
level but enhanced the cell wall-bound peroxidase activities and increased lignin content
(G- and H-monomers), thereby solidifying the cell wall and inhibiting root growth [101].

Interestingly, in addition to p-coumaric acid and derivatives, the prevalence of ferulic
acid and derivatives has been also identified in grafted plants. However, unlike the former,
the latter enhances the basipetal auxin transport. Furthermore, it functions dynamically by
stimulating the IAA oxidase activity at its low level and hindering the enzyme activity at a
high level [100]. An increase in diferulic acid, an oxidized product of ferulic acid, has been
associated with the cell wall rigidity potentially by enhancing the matrix polysaccharides
cross-link [102,103]. Based on their crucial involvement in auxin regulation/translocation
as well as in lignin deposition, p-coumaric acid and ferulic acid are very likely candidates
of graft-compatibility determinants. However, it requires concrete evidence to conclude
these roles. Future studies on the subject may shed more light on it.

7. Perspective and Conclusions

Like in other fields of plant science, plant grafting is moving ahead dynamically,
especially in herbaceous vegetables. However, tree species pose special hindrances due to
their much longer life span. The observations and findings from the herbaceous models can
be relatable, and thus can be taken as a reference for woody plants. However, as discussed
above, not all incompatible combinations exhibit the same features even within a similar
plant model. Moreover, despite having a rich history of thousands of years of practice,
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graft-incompatibility has still remained enigmatic- particularly that between species with
close phylogenetic relationships, those exhibiting differential reciprocal graft-compatibility
efficiencies, and those exhibiting delayed incompatibility. Studies suggest that polyphenol
and phenolic compounds play vital role during the process and could be used as the
metabolic markers of graft compatibility /incompatibility. More extensive studies aiming to
incorporate multi-point time-course data on anatomical, metabolic, and genetic assessment
could give a definitive answer in the future.
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