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Abstract
Main conclusion Light and temperature can regulate auxin production which has been recently shown to be key
during graft healing, suggesting that abiotic factors may be vital variables for future graft studies.

Abstract Grafting is an important horticultural tool used to combine advantageous plant traits. Despite its broad usage,
the mechanisms that underlie graft healing remain poorly understood. Recent work has highlighted the influence of high
temperature-mediated auxin flow on graft success. Light and temperature sensing utilize partially overlapping mechanisms
to regulate auxin biosynthesis, signaling, and transport. In this review, we explore the sensors and transcriptional regulators
that modulate auxin response, specifically emphasizing how these components regulate graft success and vascular recon-
nection. We also discuss areas of graft biology regulated by auxin and underexplored areas of photobiology that may be key
to a better understanding of graft mechanisms. This review underscores the importance of translating genetic findings from

model systems into horticultural crops to expand our knowledge of economically valuable techniques like grafting.

Keywords Grafting - Auxin - Light - Temperature - Sugars - Signaling

Introduction to plant grafting

Plant grafting is a traditional horticultural technique used
to combine distinct plant parts, where the apical portion
of a graft is known as the scion, and the root is the (root)
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stock. Humans have been grafting for thousands of years
to cultivate species that are difficult to grow (Mudge et al.
2009). Traditionally, woody fruit crops have been grafted
to quickly cultivate desirable varieties onto existing stocks
(Bradley and Garner 2017; Wang et al. 2019). Plant archi-
tecture and yield can also be altered through this process for
optimum crop production (Donadio et al. 2019; Kundariya
et al. 2020). Grafting can also confer abiotic and biotic dis-
ease resistance, either using resistant rootstocks or through
graft-mobile signals, likely carried through the vascular tis-
sue (King et al. 2008). In the last 50 years, herbaceous graft-
ing has become common in Solanaceae and Cucurbitaceae
vegetable crops (Lee et al. 2010).

Until recently, the mechanisms that underpin graft junc-
tion formation remained elusive. Only in the last few dec-
ades has graft biology made strides toward understanding
this unique phenomenon, largely through the introduction
of Arabidopsis (Arabidopsis thaliana) micrografting as an
accelerated laboratory model and tomato (Solanum lycoper-
sicum) grafting as an applied horticultural system (Melnyk
et al. 2015; Thomas et al. 2022). In commercially grafted
plants, optimal temperature and light conditions determine
graft success. In the early days following wounding, the
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newly severed scion is susceptible to desiccation unless
properly handled (Zeist et al. 2020). Strategies to reduce
water stress include high humidity and low light until vascu-
lar connectivity is reestablished; often, plants recover in spe-
cialized structures known as acclimation chambers (Brad-
ley and Garner 2017). These conditions differ significantly
from Arabidopsis, which is capable of high graft success
rates under day/night light cycles (Melnyk 2017). Recent
work has shown that in addition to simple water hydraulics,
light and temperature also affect graft success through more
dynamic means, such as hormonal signaling. Furthermore,
since many commercially grafted plants are grown in glass-
houses and other regulated spaces, the ability to custom-
ize light and temperature to optimize grafting success is an
attainable goal in commercial horticulture (Fig. 1A).

This review will highlight the current understanding of
light and temperature perception, its effect on auxin produc-
tion, and recent advancements in integrating these abiotic
factors with graft success. We also discuss related research
areas that intersect auxin and graft biology. Furthermore,
we focus on the value of horticultural crop systems when
studying grafting and note recent work that has successfully
utilized molecular knowledge from Arabidopsis to elucidate
the mechanisms underlying horticultural production.

Light and temperature sensing utilize
overlapping regulatory mechanisms
Light and temperature regulate auxin biosynthesis

Plants are photosynthetic autotrophs, meaning they rely
on energy produced through photosynthesis for growth,
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Fig. 1 Plants perceive light and temperature through overlapping
sensors, which can be exploited to optimize graft success. A A hypo-
thetical control board shows different controllable environmental
conditions that can be adjusted to facilitate the most efficient graft-
ing environment. Grafted plants require a specific set of environmen-
tal conditions to facilitate graft healing. Abiotic factors such as light
intensity, duration, quality, and temperature can be manipulated in
an artificial growth environment. To optimize graft conditions, more
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defense, and reproduction. In addition to acting as the fuel
for photosynthesis, light is also an important signal that can
transmit information regarding the constantly dynamic envi-
ronment, changing seasons, and stress. Some of these envi-
ronmental cues are regulated by shared genetic processes,
such as light and temperature, which show significant over-
lap in their molecular mechanisms.

Natural light comprises a spectrum of visible, far-red,
and ultraviolet wavelengths. Light quality is defined as the
spectral makeup a plant is exposed to. A specific intensity
of light is required for photosynthesis (Shafiq et al. 2021).
In contrast, light signaling is extremely sensitive, with low-
intensity light capable of triggering quality-induced changes.
With the advent of light-emitting diodes (LEDs), research
regarding the effect of light quality on plant growth and
development has expanded. Light is perceived by photore-
ceptors, each with a specific spectral range. Red (R) and far-
red (FR) light is detected by PHYTOCHROMES (Phys), UV
RESISTANCE LOCUS 8 (UVRS) detects ultraviolet-B light
(UV-B), and blue light is perceived by multiple photorecep-
tors, including CRYPTOCHROMES (CRYs) and PHOTO-
TROPINS (PHOTs; Fig. 1B). Recent work has highlighted
the role of light sensors, especially downstream signaling
pathways of the Phys, as integral to graft success.

Many components of the light-sensing pathway are also
involved in temperature sensing. For example, PhyB is a R
light sensor, but it also functions in the perception of high
temperature. As a light sensor, the red:far-red (R:FR) ratio
converts PhyB between two forms: the inactive form (Pr) and
the active form (Pfr) (Alba et al. 2000; Clack et al. 1994). In
low R:FR, CONSTITUTIVE PHOTOMORPHOGENIC 1
(COP1) and SUPPRESSOR OF PHYA - 105 (SPA1) form
a complex that degrades transcription factors (TFs) such as

FR Red Blue _ UV-B
CRYs
| PHOTs l UVRSJ

research is needed to understand how these conditions regulate graft
healing and success. B A simplified schematic shows the overlap
between light and temperature sensing in plants. The light spectrum
contained within white light spans far-red (FR), red, orange, yellow,
green, blue, and ultra-violet (UV-B). FR light is perceived by PhyA,
red light by PhyB, blue light by CRYs and PHOTSs, and UV-B by
UVRS. Primarily high temperatures are perceived by PhyB (but also
CRYs), and cold temperatures by PHOTSs and CRY's (but also Phys)
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ELONGATED HYPOCOTYL 5 (HYS5) (Leivar and Monte
2014). PHYTOCHROME-INTERACTING FACTORs
(PIFs), important transcription factors (TFs) involved in
photo-sensing, accumulate in the nucleus, which triggers
shade avoidance syndrome (SAS)-related gene expression,
such as auxin biosynthesis (Leivar and Monte 2014; Frank-
lin et al. 2011; Lee et al. 2021). During high R:FR, light-
activated PhyB moves to the nucleus to interfere with the
COP1-SPA1 complex (Sheerin et al. 2015; Chen et al. 2015;
Lu et al. 2015; Podolec and Ulm 2018). With the COP1-
SPA1 complex nonfunctional, TFs such as HYS can accu-
mulate and activate light-responsive gene expression, while
PIF activity and accumulation are significantly decreased
(Al-Sady et al. 2006; Park et al. 2012). In this way, PhyB
regulates transcriptional activity through sensitive light
sensing (Fig. 2A).

PhyB also acts as a thermo-sensor, where PhyB is
switched into the Pr inactive form during heat stress, and the
Pfr half-life is increased during colder temperatures (Jung
et al. 2016; Legris et al. 2016). During heat, with PhyB
inactive, PIFs can accumulate and regulate gene expression
(Fig. 2A). A central component during both high-tempera-
ture and low R:FR response is PIF4 (Lorrain et al., 2008;
Koini et al. 2009) PIF4 accumulation allows for increased
hypocotyl elongation, whereas HYS acts as an antagonist
(Bellstaedt et al. 2019; Delker et al. 2014; Gangappa and
Kumar 2017). Research has previously shown that PIF4
and PIF5 respond to light and temperature (Nozue et al.
2011) and that PIF4, 5, and 7 regulate auxin biosynthesis

Fig.2 PhyB regulates PIF4- A
mediated auxin accumulation
during grafting. A During high
R:FR light exposure, PhyB tran-
sitions into the active Pfr form
and translocates to the nucleus,
interfering with the COP1-SPA1
complex. With COP1-SPA1
deactivated, HY5 accumulates,
while PIF4 is deactivated. This
regulatory network represses
SAS during light exposure. In
contrast, low R:FR and high
temperatures induce the inacti-
vation of PhyB. In this state, the
COP1-SPA1 complex represses
HYS5 and induces PIF4. PIF4
promotes auxin biosynthesis via
YUC genes. B In grafted plants
grown under high temperatures,
PIF4-mediated auxin biosyn-
thesis undergoes vascular and
polar auxin transport (PAT) to
the graft junction accelerating
healing
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by directly binding to the promoters of key auxin biosynthe-
sis genes such as TRYPTOPHAN AMINOTRANSFERASE of
ARABIDOPSIS 1 (TAA1) and YUCCA 8 (YUCS) (Franklin
et al. 2011; Hornitschek et al. 2012; Li et al. 2012; Sun et al.
2012).

The indole-3-pyruvic acid (IPA) pathway is tightly linked
to light processes as tryptophan is synthesized in the chloro-
plast (Radwanski and Last 1995). During auxin biosynthesis,
TAA1/TRANSPORT INHIBITOR RESPONSE 2 (TIR2)
converts tryptophan into IPA (Tao et al. 2008). The expres-
sion level of TAAI/TIR? is elevated under high tempera-
tures, in part due to regulation by PIF4 (Franklin et al. 2011;
Yamada et al. 2009). IPA is then converted into the primary
active auxin molecule, indole-3-acetic acid (IAA), by YUCs
(Mashiguchi et al. 2011). YUCS, which is induced during
low R:FR and high temperature to promote auxin synthesis,
is also positively regulated by PIF4, 5, and 7 (Fiorucci et al.
2020; Franklin et al. 2011; Hornitschek et al. 2012; Sun
et al. 2012). PIF4 also downregulates IAA conjugation by
inducing YUCS expression and repressing transcription of
the UDP-glycosyltransferase, UGT76 F1, which can act on
IPA to form conjugated IPA-Glc (Chen et al. 2020).

Temperature-regulated auxin affects graft
formation

Grafting to alleviate abiotic stress is an ongoing field, yet
a basic understanding of how these environmental condi-
tions affect graft success remains poorly understood. Tomato
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seedlings typically recover around 23-25 °C following
grafting. (Zeist et al. 2020). Elevated temperatures (30 C
or above) have been shown to increase reactive oxygen spe-
cies (ROS) and antioxidant activity (Muneer et al. 2016).
While most physiological studies advise against elevated
graft recovery temperatures for vegetables, recent work has
shown that elevated temperature in the first few days follow-
ing grafting can accelerate callus production and vascular
connectivity (Bartusch et al. 2020; Meng et al. 2025; Serivi-
chyaswat et al. 2022).

In Arabidopsis, high-temperature perception in the cotyle-
dons requires PIF4-mediated auxin production to accelerate
vascular connections; pif4 mutants, while capable of graft-
ing, lose high-temperature thermo-responsiveness (Serivi-
chyaswat et al. 2022). This temperature-mediated process
was further shown to be due to increased scion auxin via
YUC2, 5, 8, and 9. Mutations to YUCs did not affect graft
success, although these mutants did show delayed vascular
connectivity, but a complete blockage to auxin responses
using the INDOLE-3-ACETIC ACID 12 (IAA12; also known
as BONDELOS (BDL)) dominant negative mutant showed
a significant reduction in graft success at all temperatures
(Serivichyaswat et al. 2022). Similarly, elevated tempera-
tures (35°C) in tomato led to SIPhyB- and SIPIF4-dependent
accelerated vascular connectivity (Meng et al. 2025). Fur-
thermore, SIPIF4 was shown to directly bind to SIYUCH4, 10,
11, and 13. Thus, elevated temperatures in both tomato and
Arabidopsis affect vascular connectivity by increasing scion
auxin content (Fig. 2B). However, thermo-sensor mutants
are still graft-capable, suggesting that other forms of auxin,
such as shoot apical meristem-derived, may be sufficient for
graft success. It is also important to note that while these
experiments have shown that high temperatures can increase
vascular connectivity, they fail to demonstrate whether ele-
vated temperatures show any long-term benefits for grafted
crops. Indeed, the tradeoff between increased auxin content
in the initial days after grafting and heat stress may not pay
off. Instead, it is of future interest to test if increased auxin
flux in the scion can rescue graft failures such as incompat-
ible partners.

The intersection of auxin signaling
and grafting

Auxin is a critical phytohormone involved in many devel-
opmental processes, including lateral and adventitious root
formation (Bhalerao et al. 2002; Della et al. 2013; Fattorini
et al. 2017), cell growth and division (Spartz et al. 2012),
tissue and organ patterning (Friml et al. 2003; Mattsson
et al. 1999) and tropic responses (Friml et al. 2002). Since
it was first discovered, auxin has been intrinsically linked
to light signaling. Francis and Charles Darwin determined
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that some “influence,” later known to be auxin, was moving
from the growing tip to control phototropism, a process now
known as polar auxin transport (PAT). Auxin is now known
to be an integral downstream player in light and temperature
signaling.

Auxin signaling requires a complex regulatory network.
In general, high auxin levels inhibit the repressive action of
AUXIN/INDOLE-3-ACETIC ACID (AUX/IAAs), which
bind and inhibit the action of AUXIN RESPONSE FAC-
TORS (ARFs). Auxin binds to the auxin receptor, SCFTRV
ARBs which then binds to AUX/IAAs; the bound AUX/IAAs
are then ubiquitinated for proteolysis (Fig. 3) (Dharmasiri
et al. 2005). Free from repression, ARFs can act as both pro-
moters and repressors of auxin-responsive genes (Roosjen
et al. 2018). For example, ARFs can promote the expression
of auxin transporters, other AUX/IAAs, and even SMALL
AUXIN UP-REGULATED RNA (SAURs), which are rapid
auxin-responsive genes (Knauss et al. 2003). ARF7 and 19
promote the expression of SAURI9, which has been shown
to induce cell elongation critical for tropism via cell wall
acidification (Chae et al. 2012; Spartz et al. 2014; Wang
et al. 2020). Components of the auxin receptor, TRANS-
PORT INHIBITOR RESPONSE 1 (TIR1) and AUXIN SIGN-
ALING F-BOX PROTEINs (AFBs), are further regulated by
light. Expression of TIRI and AFB2 increase in the dark
due to the reduced presence of miR393, which represses the
receptor genes to control auxin sensitivity (Navarro et al.
2006; Pucciariello et al. 2018). In addition to their role in
auxin biosynthesis, PIFs can also interact with ARFs (Jia
et al. 2020).

While auxin is historically associated with apical bio-
synthesis, many tissues can synthesize the key hormone
(Ljung et al. 2001). Young leaves, cotyledons, and the
shoot apical meristem are all sources of auxin, which is then
transported basipetal to regulate a multitude of processes,
including grafting (Procko et al. 2014). Numerous commer-
cially grafted species show an auxin-related transcriptional
response, such as Torreya grandis (Yuan et al. 2017), pecan
(Carya illinoinensis) (Mo et al. 2023), Chinese hickory
(Carya cathayensis) (Mei et al. 2024; Qiu et al. 2016),
tomato (Xie et al. 2019), Norway spruce (Picea abies) (Feng
et al. 2024), grape (Vitis vinifera) (Assuncdo et al. 2019),
and apple (Malus robusta) (Li et al. 2016). Despite the prev-
alence of auxin-related genes differentially expressed follow-
ing horticultural grafting, auxin-related graft mechanisms
have largely been explored in Arabidopsis only.

Auxin transport

Auxin can utilize the phloem or plasmodesmata to migrate
(Cambridge and Morris 1996; Gao et al. 2020), but sig-
nificant amounts of auxin translocate cell-to-cell via trans-
porters during PAT. Auxin is actively pumped out of cells
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Fig.3 High auxin levels lead to transcription of auxin-responsive
genes. During periods of high light, photoreceptors are activated and
move into the nucleus. HYS accumulates to activate light-responsive
genes, and the auxin receptor (SCETRVARBS) jq repressed by activated
photoreceptors and miR395. ARFs are bound by AUX/IAAs, which
repress their transcriptional activity. Meanwhile, in the cytoplasm,
auxin intermediates are channeled into conjugated forms through
reversible reactions. All of these conditions lead to low levels of
auxin. During low light or elevated temperature, photoreceptors are
deactivated, which allows PIF levels to accumulate in the nucleus.
PIFs activate the transcription of auxin biosynthesis genes such as
TAAI/TIR2 and YUCs, which lead to increased active IAA levels.
Elevated auxin levels then enter the nucleus, binding to SCFTIRI/ARBs

by PIN-FORMED (PIN) or B-type ATP-binding cassette
(ABCB) family exporters (Gilweiler et al. 1998; Geisler
et al. 2005). PIN exporters have polar localization that
determines the direction of auxin transport. For example,
the well-studied PIN1 localizes to the basal end of auxin-
transporting cells, leading to strong downward auxin mobil-
ity (Gilweiler et al. 1998). Auxin is actively imported by the
AUXINI/LIKE-AUX1 (AUX1/LAX) importers (Yang et al.
2006). (Fig. 4A). Light has a strong effect on the localization
of PIN proteins. The most well-studied example is the locali-
zation of PIN3 during hypocotyl hook formation, leading to
the reorientation of PIN3 from basipetal to lateral transport,
asymmetrically directing auxin to the dark side of the plant
hypocotyl (Ding et al. 2011) (Zadnikova et al. 2010).
Arabidopsis auxin efflux proteins PIN1 and ABCB1
accumulate in the scion after grafting, likely acting to pump
auxin across the graft site and inducing vascular reconnec-
tions (Melnyk et al. 2018; Wang et al. 2014) Similarly, in

HNT,

@ —=Phototropism

and AUX/IAAs. Through this process, AUX/IAAs are marked for
ubiquitin-mediated degradation. ARFs are then free to bind to auxin-
responsive genes to activate or repress transcription. One type of gene
which is stimulated by ARFs are SAURs. SAURI19, for example, is
expressed during high auxin conditions, leads to cell wall acidifica-
tion and elongation. Another change that happens in low light is the
reallocation of PIN transporters. During high blue light, activated
PHOT]1 binds to NPH3 at the membrane, but during low light, NPH3
is released into the cytoplasm, leading to PIN3 endocytosis and relo-
cation to the shaded side of the cell. With PIN3 located away from
the light source, a local auxin maximum accumulates, leading to pho-
totropism

pea (Pisum sativum), wounding triggers reorientation of
PIN1 polarity above the wound (Sauer et al. 2006). Per-
turbations to auxin transport, such as treatment with auxin
transport inhibitors (i.e., naphthylphthalamic acid), can sig-
nificantly reduce auxin accumulation at the junctions and
thus slow or inhibit graft connectivity (Wang et al. 2014). In
grafted apple, a more-branching (MB) mutant scion reduced
root growth, possibly due to scion-controlled reductions of
PINI and ARF expression in the root (Li et al. 2016). In
tomato, auxin levels were found to have their highest expres-
sion in the scion; Prior to vascular formation, auxin lev-
els were positively correlated with increased expression of
SlIAAs, SIARFs, PINs, and SILAX2 (Cui et al. 2021; Duan
et al. 2024).

While PAT plays a clear role in graft formation, endog-
enous auxin levels in the root are also important. In
tobacco (Nicotiana tabacum), auxin levels were modu-
lated via tryptophan-2-monooxygenase auxin biosynthesis

@ Springer
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Fig.4 Auxin is translocated cell-to-call to generate auxin gradients
that promote adventitious roots or graft junctions. A Auxin generally
moves basipetal from the growing tip to the roots. Bulk flow in the
phloem and plasmodesmata facilitate symplastic cellular movement
of auxin. Auxin can also be actively transported through transporters.
Auxin is imported into cells by AUX/LUX importers and exported
by ABCBI1 and PIN exporters. PINs display polar localization, with
PIN1 directing downward auxin flux and PIN3 critical for lateral
auxin movement during phototropism. Together, all these mecha-

or indoleacetic acid-lysine synthetase-mediated auxin
conjugation (Li et al. 2017; Zhai et al. 2021). Higher
levels of auxin in the root increased callus, cellular con-
nectivity, and scion growth (Zhai et al. 2021). Despite
basipetal auxin transport being the dominant direction,
auxin-enriched rootstocks showed the upward movement
of auxin into the scion, even prior to vascular connec-
tivity. In watermelon (Citrullus lanatus), the removal of
the cotyledons, an auxin source tissue, from the rootstock
significantly reduced vascular connectivity and callus for-
mation (Wang et al. 2024). Like Arabidopsis, CIPINT1 in
watermelon cotyledons was key for auxin-induced graft
healing (Matsuoka et al. 2016; Wang et al. 2024). The
role of cotyledon-derived auxin during grafting supports
previous work that found cotyledons were necessary for
wound healing in tomato and cucumber (Cucumis sati-
vus), although this work also identified the role of coty-
ledon-derived gibberellins (Asahina et al. 2002, 2007).
Indeed, recent work, including mathematical modeling,
has suggested that PAT alone is not capable of describing
the auxin transport required for vascular reconnections
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nisms combine to achieve polar auxin transport. B During wound-
ing without grafting, auxin accumulates at the cut site, where an
auxin maximum induces adventitious root formation. In grafted tis-
sue, newly expressed exporters pump auxin across the graft site. The
scion and stock experience auxin responses that induce healing and
differentiation of vascular tissue. In contrast to wounded tissue, an
unknown mechanism from the stock may trigger vascular reconnec-
tion rather than root formation

following grafting and that other hormones are likely
involved (Ongaro et al. 2008; Prusinkiewicz et al. 2009).

It has been known for quite some time that auxin trans-
port is repressed at low temperatures and that higher tem-
peratures correlate with increased PAT velocity (Morris
1979; Shibasaki et al. 2010). Reduced PAT at cold tempera-
tures has been linked to inhibited intercellular trafficking
and localization of PINs, but the exact mechanism underly-
ing this remains elusive (Shibasaki et al. 2010). Outside of
the location of PINs, much remains unknown about how
light and temperature regulate PAT, and especially during
grafting.

Auxin-induced wound response

PAT is also vital for the appropriate auxin response that
triggers graft healing. Both grafted scions and separated
apical parts trigger auxin responses, but only grafted root-
stocks showed auxin responsiveness, highlighting how PAT
from the scion to the stock is a key physiological step in
grafting (Asahina et al. 2011; Melnyk et al. 2018). This is
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curious, since, in the absence of a rootstock, PAT leads to
adventitious root (AR) formation at the cut site (Fig. 4B).
ARs are roots that form from any part of the plant other
than the embryonic primary root. When explants are
removed from their root system, auxin accumulates, trig-
gering the formation of a new stem cell niche (SCN),
from which roots form (Rovere et al., 2016; Fattorini
et al., 2017). There is quite a lot of overlap between the
formation of adventitious roots and graft healing, pos-
ing the question of: what differentiates wounding from
grafting? Mere hours after grafting, auxin exporters were
expressed in the cut scion surface (Melnyk et al. 2017).
Similarly, in apple cuttings, all 8 MdPINs were differen-
tially expressed during AR formation (Guan et al. 2020).
Instead, it is likely that a signal from the stock or auxin
diffusion across the junction is key to inducing vascular
reconnection instead of AR formation (Fig. 4B). Perhaps
a hormonal or other mobile signal induces a recognition
event at the graft junction that facilitates grafting-required
auxin signaling. While recent work has approached this
question, the underlying mechanism remains unknown.

Research on wounding has shown that PAT in the
Arabidopsis inflorescence stems facilitated healing, thus
setting up this new tissue as a model to explore auxin-reg-
ulated wound healing (Mazur et al. 2016). Several impor-
tant genes related to grafting were identified using this
system. Following wounding, auxin immediately accumu-
lates above the wound, stimulating healing through PAT
from the apex (Asahina et al. 2011). The wound acts as a
block to vascular auxin transport, so auxin must rely on
PAT to pass cell-to-cell at the wound site (Yin et al. 2012).
As auxin moves from the shoot to the root, various genes
are regulated for healing. For example, high auxin above
the inflorescence stem wound stimulates NAC DOMAIN
CONTAINING PROTEIN 71 and 96 (ANACO71 and 96)
expression, while lower auxin levels below the wound
promote RELATED TO AP2 6L (RAP2.6L) expression
(Asahina et al. 2011; Matsuoka et al. 2021). ANACO071
and RAP2.6L are necessary for non-vascular proliferation,
while ANCO71 and 96 are also crucial for wound-induced
cambium formation (Matsuoka et al. 2021). Downstream
of ANACO71 are XTH19 and 20, members of the xylo-
glucan endotransglucosylase/hydrolases family involved
in cell enlargement (Pitaksaringkarn et al. 2014). Much
like ANACO71, XTH19 and 20 are auxin-dependent reg-
ulators of pith connectivity. It is important to note that
while similar to grafting, the inflorescence system does not
always translate into the stem. For example, when rap2.6L
mutants were used in Arabidopsis stem grafting, healing
was unaffected, highlighting how tissue- and species- spe-
cific studies are needed to understand graft healing (Mat-
suoka et al. 2018).

The role of PAT and graft success

Auxin transport is also critical to graft healing. During
graft healing, auxin diffuses into the auxin-depleted stock.
As auxin is transported into the Arabidopsis stock, auxin-
responsive genes such as ABERRANT LATERAL ROOT
FORMATION 4 (ALF4), AUXIN RESISTANT 1 (AXR1), and
HIGH CAMBIAL ACTIVITY 2 (HCA2) are initiated (Melnyk
et al. 2015, 2018). When alf4 or arxl mutants are used as
rootstocks, auxin responses are significantly reduced below
the junction, which impedes phloem connectivity (Melnyk
et al. 2015). Similarly, suppression of HCA?2 targets in the
stock led to delayed phloem connectivity, emphasizing the
critical role auxin plays in the spatial regulation of phloem
reconnection (Melnyk et al. 2018). Further focus on HCA2,
a member of the DOF family, identified other cambium
and vasculature-related DOF TFs, including TARGET OF
MONOPTEROS 6 (TM06), DNA-BINDING ONE ZINC FIN-
GER 2.1 (DOF2.1), and DOF6, which were all upregulated
in grafting or separated apical parts in an auxin-dependent
manner (Zhang et al. 2022). A quadruple mutant of these
AtDOFs showed significant relevance to graft healing, with
reduced vascular regeneration, wound healing, and callus
formation. Furthermore, CELLULASE 3 (CEL3) was identi-
fied as a direct target of TMOG6 (Zhang et al. 2022). Azcel3
mutants showed delayed phloem and xylem connectiv-
ity (Zhang et al. 2022). CEL3 (also known as GLYCOSYL
HYDROLASE 9B3; GH9B3) is a p—1,4-glucanases, which
degrades cellulose to aid in cellular growth and has recently
been identified as an important gene during interfamily
grafting (Notaguchi et al. 2020), suggesting that auxin reg-
ulation may play a key role in graft formation as well as
compatibility.

The role of auxin in the cambium was further elucidated.
Blocking auxin signaling under procambium (PHLOEM
INTERCALATED WITH XYLEM (PXY) and HOMEOBOX
GENE 8 (ATHBS8)) and cambial phloem-precursor (SUP-
PRESSOR OF MAX2 I-LIKE 5 (SMXL)5)) specific promoters
in Arabidopsis significantly reduced graft success by inter-
fering with tissue attachment and phloem healing (Fig. 5)
(Serivichyaswat et al. 2024). This is profound as it suggests
that within the cambium, specific niches of cells expressing
PXY, ATHBS, or SMLX5 lead to callus, phloem, or xylem
during graft formation (Fig. 5C). Similarly, SIWUSCHEL
HOMEOBOX RELATED 4 (SIWOX4), an important gene
in cambial-xylem maintenance, was found to be required
for xylem reconnection in tomato (Thomas et al. 2022).
Although self-grafted wox4 mutants could form non-vas-
cular connections, xylem formation was overproliferated
and non-cohesive, leading to graft failure. In Arabidopsis,
blocking auxin in cells expressing WOX4 did not interfere
with grafting, which posits that while auxin-dependent cam-
bial stimulation requires WOX4, blocking auxin signaling in
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Fig.5 Auxin signaling in the cambium is necessary for graft heal-
ing. In Arabidopsis micrografting, the hypocotyl stele contains two
phloem poles, a central xylem region, and a more diffuse cambial
region. B In tomato seedling grafts, the hypocotyl has developed
vascular bundles, where the cambium is sandwiched between newly
forming xylem and phloem cells. These different anatomies likely
affect graft healing. C In Arabidopsis grafting, auxin signaling in dis-

these cells fails to disrupt tissue adhesions completely (Suer
et al. 2011; Serivichyaswat et al. 2024).

Another important distinction between tomato and Arabi-
dopsis is the developmental stage during hypocotyl grafting.
During Arabidopsis micrografting, the vascular tissue in the
hypocotyl only has two phloem poles, and cambial expres-
sion covers a large portion of the stele (Fig. 5A) (Lehmann
and Hardtke 2016; Serivichyaswat et al. 2024). This differs
from young tomato seedlings, which have already formed
vascular bundles, each with a layer of cambium cells
(Fig. 5B) (Thomas et al. 2023). The positioning and align-
ment of cambium are thus different in these two types of
grafting and are worth considering when comparing gene
function between the two systems, such as with WOX4.

The importance of auxin to graft-induced meristematic
tissue is further highlighted by ETHYLENE RESPONSE
FACTOR 114 and 115 (ERF114 and 115), which are also
upregulated following grafting in Arabidopsis, spruce,
pepper (Capsicum annuum), and tomato (Feng et al.
2024; Thomas et al. 2024; Zhang et al. 2022). ERFI15
was originally identified as an essential component of the
regenerative properties of roots (Heyman et al. 2013). Fol-
lowing wounding, ERF115 sensitizes nearby cells to auxin
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tinct cell niches expressing a subset of cambial markers such as PXY,
ATHBS, or SMLX5 are required for callus, phloem, and xylem forma-
tion. For example, while auxin signaling in PXY-expressing cambial
cells is required for callus, phloem, and xylem reconnection, auxin
signaling in SMLX5-expressing cambial cells is only necessary for
phloem healing

by activating ARF5/MONOPTEROS (MP) to coordinate
the formation of a new SCN (Canher et al. 2020). ERF115
and its homolog ERF114 were found to interact with
SCARECROW-LIKE2] (SCL21) and PHYTOCHROME
A SIGNAL TRANSDUCTIONI (PAT]I) to promote SCN
generation and callus production (Fig. 6) (Heyman et al.
2016). SCL21-PAT1, identified initially as FR light sign-
aling components, can also regulate regeneration by acti-
vating DOF3.4 and TAA5 (Bisht et al. 2023; Torres-Galea
et al. 2013). erfl14, erfl15, and patl mutants showed
reduced callus, phloem connectivity, and tissue attach-
ment in Arabidopsis (Feng et al. 2024; Zhang et al. 2022).
Additionally, ERF115-PAT1 may act upstream of WOUND
INDUCED DEDIFFERENTIATION 1 (WINDI), a criti-
cal TF upstream of cytokinin responses, to trigger cal-
lus formation, but if this is true, WINDI likely can also
be triggered independently of this pathway as ERFI15
expression is not always present in newly forming callus
(Heyman et al. 2016). While integral to callus formation,
the role of cytokinin is less well understood during graft-
ing compared to auxin. Following grafting and wounding,
cytokinin-responsive genes, RESPONSE REGULATOR 5
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Fig.6 Auxin regulates gene expression in the graft junction. Auxin
from the scion is critical for graft healing. YUCs are required for
scion-auxin signaling and graft healing. High auxin levels in the scion
induce the expression of ANACO71 and 96, which are important for
callus and phloem healing. ANC071/96 then induces XTH19 and 20.
XTH19 and 20 are required for pith reconnection. ANAC71 and 96
also promote the expression of PXY, which regulates cambial promo-
tion of callus, phloem, and xylem. PXY is upstream of WOX4, which
is necessary for xylem formation and organization. Auxin signaling
in the cambium is critical for phloem reconnection. DOFs* (HCA2,
TMOG6, DOF2.1, and DOFG6) are induced following grafting and are
necessary for callus, phloem, and xylem reconnection. TMO6 binds

(ARRS5) and TWO COMPONENT SIGNALLING (TCSn),
are strongly activated in the scion and stock. Despite this,
cytokinin mutants such as wooden leg (wol) and LONELY
GUY7 (LOG7) overexpression lines did not display any
phenotypes associated with phloem reconnection (Melnyk
et al. 2015).

directly to CEL3/GH9B3 during early graft adhesion to aid in callus,
phloem, and xylem reconnection. ERF114 and 115 are induced fol-
lowing wounding and mediate callus and phloem formation through
PATI/SCL21, WINDI, and WOX13. WOX13 also induces GH9B3.
High auxin levels in the cambium induce genes such as ATHBS and
SMXL5, where ATHBS is required for callus, phloem, and xylem,
while SMLXS5 is only needed for phloem. In the stock, auxin respon-
sive ALF4 and AXRI are required for phloem reconnection, while
IAA12 controls the phloem and xylem. In the stock, lower auxin lev-
els promote RAP2.6L, which is required for non-vascular healing. The
color of the gene highlights its tissue-specific role during graft heal-
ing. Gene involved in multiple tissue-types are depicted as a gradient

Auxin and graft compatibility

The ability of two plant varieties or species to heal com-
pletely following grafting is known as graft compatibil-
ity (Moore 1984). Graft incompatibility often manifests
as poorly connected vascular tissue between the scion
and stock (Jefree and Yeoman 1983; Moore and Walker
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1981). The exact determination of graft compatibility has
been posited for hundreds of years. More closely related
species are more likely to be compatible (Thomas et al.
2023), but there are instances, such as Petunia (Petunia
hybrida) and tobacco, which show broad compatibil-
ity even when grafted to plants from different families
(Kurotani et al. 2022; Notaguchi et al. 2020). This hyper-
compatibility may be due to early adhesion facilitated by
GH9B3 (Notaguchi et al. 2020), but it remains unclear if
this gene can be utilized in other species to expand com-
patibility. Graft compatibility is a serious issue for hor-
ticultural production since grafting is an expensive and
time-consuming practice. Graft failure due to compatibil-
ity poses a significant issue, especially in woody crops,
which have slower growth. The role of auxin on graft
compatibility has not been clearly explored. For exam-
ple, cambium-specific auxin signaling has been shown
to be crucial for grafting in Arabidopsis (Serivichyas-
wat et al. 2024), and the cambium-xylem maintenance
gene, SIWOX4, is also critical for graft healing in tomato
(Thomas et al. 2022). In litchi (Litchi chinensis), compat-
ible grafts accumulated higher levels of auxin, largely due
to upregulated biosynthesis genes such as TAAI and YUCs
early during healing, whereas incompatible grafts showed
poor healing and unaffected auxin regulation (Chen et al.
2017). Similarly, in pomelo (Citrus grandis), incompat-
ible grafts had reduced auxin signaling components such
as AUX/IAAs and SAURs (He et al. 2018). It is clear that
auxin levels increase during grafting, and it appears that
incompatible grafts fail to accumulate the appropriate
levels of auxin for healing. What remains unknown is if
failure to regulate auxin is the cause of incompatibility
or a symptom.

Another interesting type of graft incompatibility was
identified between two legumes, pea and lupin (Lupinus
angustofolius), where only pea is capable of arbuscular
mycorrhizal (AM) development (Foo et al. 2016). Pre-
vious studies showed a directionally specific incompat-
ibility; When AM-forming species were grafted to lupin
rootstocks, the resulting plants were incompatible (Gian-
inazzi-Pearson and Gianinazzi 1992). When lupin was
grafted onto pea rootstocks, the plants could survive, but
strigolactone exudates and AM were suppressed in the
root (Foo et al. 2016). Auxin has a positive effect on AM
formation, so PAT was accessed in the grafts. Despite
the formation of apparent xylem, radiolabeled *H-IAA
from the scion was blocked at the graft junction, sug-
gesting that the phloem remained poorly connected (Foo
et al. 2016; Wulf et al. 2019). The relationship between
auxin and compatibility appears to be intimately linked
to vascular connectivity, but more research is required to
clarify this interaction.
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Graft mobile auxin signals

In addition to hormones, plants can also transport other
signals over long distances, such as mRNA, proteins,
metabolites, electrical signals, and small RNAs (sRNAs)
(Choi et al. 2016; Durbak et al. 2012; Kehr and Kragler
2018; Kong et al. 2019; Miiller and Harrison 2019; Parent
et al. 2012). Grafted plants are excellent model systems
to study these mobile signals (Thomas and Frank 2019).
Recently, graft-mobile signaling has earned significant
interest due to the finding that CRISPR-associated protein
9 (Cas9) and guide RNAs can be deployed into the scion
from transgenic rootstocks in Arabidopsis (Yang et al.
2023). Numerous types of genetic information have been
reported to pass across the graft junction from nucleic
acids, proteins, extrachromosomal circular DNAs, and
even whole organelles (Haroldsen et al. 2012; Hertle et al.
2021; Yang et al. 2015; Zhang et al. 2024). For mRNA,
methylated and high-abundance transcripts are more likely
to be deemed mobile (Calderwood et al. 2016; Yang et al.
2019). However, there are challenges associated with many
of these experiments, especially those that rely solely on
transcript detection (Heeney and Frank 2023). A recent
meta-analysis of published mobile transcript datasets
found that limitations in the computation techniques used
to identify mobile transcripts generate inherently noisy
data with largely false positives.

Nonetheless, it is apparent that mobile signals exist.
One such signal, Cypl, is a graft-mobile protein in tomato.
cypl mutants are auxin insensitive, displaying reduced
secondary growth, perturbed vascular development, and a
lack of lateral roots (Zobel 1973). When cypl was used as
a scion, it altered wild-type tomato (WT) roots, but when
WT scions were grafted to cypl rootstocks, wild-type-like
roots were restored, proving the presence of a SICypl-
derived signal (Spiegelman et al. 2015). Further experi-
ments were able to show that CYP1 protein accumulation
and its subsequent transport in the phloem are induced
by light to regulate shoot and root growth by promoting
transcription of NAC genes involved in auxin response.
Thus, this graft-mobile protein modulates auxin response
to coordinate resource allocation.

Grafting can also induce increased yield and growth, a
process known as graft-induced vigor (Cerruti et al. 2021).
One mechanism to describe this phenomenon is reduced
small interfering RNA (siRNA)-directed DNA methylation
(RdADM) (Wendte and Pikaard 2017). SRNA are mobile
non-coding RNAs that direct cysteine methylation (Mol-
nar et al. 2010). Mutations that interrupt RADM show
increased transgenerational vigor in tomato due to hypo-
methylation of the auxin-gene pathway, highlighting auxin
signaling as central to graft vigor (Kundariya et al. 2020).
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The effect of light on grafting
The effect of light quality on horticultural crops

Light quality also affects the growth of plants. Historically,
light quality has been challenging to study due to con-
founding variabilities such as temperature and radiation
(Fletcher and Zalik 1964). Indeed, light intensity is criti-
cal in these experiments. Low-intensity red light is more
inhibitory to hypocotyl elongation than blue, while high-
intensity blue light is more inhibitory (Fortanier 1954;
Meijer 1959). Light quality exerts regulation on auxin
accumulation, which increases hypocotyl height. In pea,
blue light-treated seedlings accumulated the most auxin
and had the highest hypocotyl height, whereas red light
showed the lowest auxin and plant height (Fletcher and
Zalik 1964). With the advent of LEDs came a new era of
light-based research. Despite significant work in this field,
most data appears contradictory. For example, in tomato,
red light has been shown to promote hypocotyl elongation,
cotyledon expansion, plant height, and leaf area (Izzo et al.
2020). Meanwhile, tobacco had the highest levels of shoot-
derived auxin under blue light, while red light increased
auxin transport to the roots (Meng et al. 2015). Despite
many studies looking at the effect of individual light
qualities on plant growth, white or red/blue mixed light is
often associated with the best plant growth (Paradiso and
Proietti 2022). These diverse findings mirror sentiments
made 60 years ago that the main driving determinant of
light quality and growth may be species-specific (Fortanier
1954). Additionally, discrepancies between experimental
setups, such as light intensity or temperature, could also
introduce conflating factors.

Despite the lack of clarity on the role of light quality
and its effect on hormonal regulation and growth, horticul-
turalists have been eager to assay for graft-related benefits
associated with distinct light qualities. While most grafted
crops fare best after a period of low light treatment, grafts
that were left to heal in extended periods of darkness con-
sistently performed the worst across species (Lee et al.
2016; Moosavi-Nezhad et al. 2021; Vu et al. 2014). Still,
the relationship between light quality and graft formation
show species- and even experimental-based inconsisten-
cies. In Solanaceae and Cucurbitaceae, white, blue, red,
and mixtures of light were all capable of graft healing,
but the timing of recovery and overall plant growth were
affected by the quality. Red light is sometimes associated
with slower, less effective graft recovery due to delayed
junction attachment (Yousef et al. 2021b) and increased
transpiration (Lee et al. 2016). In contrast, other assays
found red light to be the optimal treatment during graft-
ing (Bantis et al. 2020; Vu et al. 2014). Blue light was

rarely the most beneficial choice for solanaceous graft
healing (Moosavi-Nezhad et al. 2021). Much like with
plant growth, red/blue and white light were commonly
found to be ideal for grafting (Bantis et al. 2020; Jang et al.
2013; Lee et al. 2016; Moosavi-Nezhad et al. 2021; Yousef
et al. 2021b,a). Indeed, mixed red and blue light has been
associated with higher auxin biosynthesis in some cases
(Yousef et al. 2021b). Bantis et al. (2021) found that blue
light during the first three days of healing, followed by red
light, increased vascular connectivity without the growth
penalty associated with prolonged blue light. Interestingly,
they found that this condition was associated with reduced
auxin and cytokinin levels in the scion.

While a significant body of research has assayed the
effect of light quality on grafting, significant experimental
discrepancies exist between species and conditions. In addi-
tion to the likely possibility that different species respond
preferentially to various light conditions, these experiments
may have utilized varying light intensity, duration, and other
abiotic conditions such as humidity and temperature. In sum-
mary, the intersection of light quality and graft success still
needs to be explored.

Blue light sensing

Grafting and auxin are intrinsically linked, and auxin is reg-
ulated by both light and temperature. While some work has
shown links between high temperature and auxin-regulated
graft healing, the role of light on grafting remains a black
box. PhyB is capable of regulating graft success as a ther-
mosensor (Meng et al. 2025). While not demonstrated, PhyB
likely can also regulate grafting through R:FR sensing. Simi-
larly, PAT1 implicates PhyA as potentially involved in graft
healing (Feng et al. 2024). In contrast, no molecular sen-
sors related to blue-light have been associated with grafting,
despite numerous crop-based research profiling the effect of
blue light on growth and graft recovery. Additionally, blue
light has been shown to regulate auxin signaling, so efforts
to detangle light quality and graft success should remain
prioritized in plant biology.

Blue light is involved in many processes and is perceived
by blue light sensors, CRYs, and PHOTs. CRYs are pho-
toactivatable nuclear flavoproteins that regulate circadian
rhythm, seed germination, leaf senescence, and SAS, among
other roles (Bognar et al. 1999; Meng et al. 2013; Pedmale
et al. 2014, 2015). When CRYs are treated with blue light,
the receptor is oligomerized and phosphorylated to become
active. Activated CRY's can directly bind to PIF4 and 5 (Ped-
male et al. 2015). CRYs have also been shown to modulate
plant thermogenesis. In full light or high blue light, active
CRYs repress PIF4 and 5, but during low blue light, CRY1
and 2 physically interact with PIF4 and 5 to promote the
expression of genes related to hypocotyl growth (Pedmale
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et al., 2015). This is also true during elevated temperatures,
where elevated PIF4 leads to hypocotyl elongation, but when
plants are grown under high temperatures and only blue
light, this phenomenon is counteracted. While CRY expres-
sion is not regulated by elevated temperature, during expo-
sure high temperatures and only blue light, PIF4 expression
is reduced, which attenuates the expression of YUC genes
involved in auxin biosynthesis (Ma et al. 2016). PHOTSs are
membrane-bound protein kinases that, when phosphorylated
under blue light, regulate both stomatal activity and chlo-
roplast movement (Briggs and Christie 2002). PHOTS are
also crucial regulators of phototropism. When activated by
blue light, PHOT1 leads to NPH3 dephosphorylation and
relocalization of PIN3 away from the illuminated side via
Calrithin-mediated endocytosis (Fig. 3) (Ding et al. 2011;
Folta and Spalding 2001; Keuskamp et al. 2010; Zhang et al.
2017).

While not an exhaustive profile of blue light regulation,
these findings highlight how blue light is involved in vari-
ous processes such as SAS and auxin transport. While no
research to date has identified a blue-light sensor or TF as
required for grafting, it seems likely that there are unex-
plored components involved. Future work on the effect of
light quality on grafting should focus on how blue light,
CRYs, and PHOTs regulate graft healing and success.
Understanding the role of light quality has immediate impli-
cations on crop production, as environmental conditions can
be easily adjusted in greenhouses.

The role of light and sugars on grafted
plants

The main function of light is as an energy source, fueling
photosynthesis and growth. Because as it is not easy to sepa-
rate the role of light between signaling and energy genera-
tion, the exact role of photosynthesis and metabolism on
grafting also remains an open question.

Light and darkness during graft healing

For most horticulturally grafted crops, plants recover for
several days in dark or low-light environments following
grafting to reduce transpiration. So clearly, the formation of
early graft adhesion does not require high light. This obser-
vation is logical as many plant species generate callus best in
dark environments (Efferth 2019), and indeed, Arabidopsis
forms more callus when cultured in the dark (Ikeuchi et al.
2017). During wound-induced callus formation, WIND1
is quickly induced and, via cytokinin-mediated signal-
ing, triggers callus formation (Ikeuchi et al. 2013; Iwase
et al. 2011a,b; Mason et al. 2005). While overexpression
of WIND] can ectopically induce callus, only by inhibiting
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all downstream WIND1 targets could wound-induced callus
be reduced, suggesting there is redundancy in the callus-
forming mechanism (Iwase et al. 2011a). WIND1 induction
activates auxin-related genes such as YUC4 and PINI (Iwase
et al. 2011b, 2021). Furthermore, WIND induction partially
regulates WOX13, a crucial gene for callus formation, which
is induced by PAT (Ikeuchi et al. 2022; Tanaka et al. 2023).
WOX13 regulates numerous genes involved in cell wall
modification, including CEL3/GH9B3.

Similarly to wounding, WIND] is strongly upregulated
in the scion and stock following grafting; WIND] is also
induced in cut but not grafted scions but not in the root-
stock, suggesting apical auxin may act as the signal to induce
WIND1 expression (Ikeuchi et al. 2022; Melnyk et al. 2015).
This finding contrasts with previous work, which has shown
that WINDI can be upregulated in wounded stocks that
were grown on sucrose, suggesting that sugars, in addition
to auxin, may be a requirement for WINDI expression in
Arabidopsis (Iwase et al. 2011a). While a short period in the
dark can be beneficial for callus formation, plants fail to heal
following grafting if left for prolonged periods in the dark.
These outcomes show that early graft processes, such as
tissue attachment and callus formation, do not require high
levels of light but that for later steps, such as vascular con-
nection, light-induced signaling, and sugars are necessary. In
callus explants, light-regulated shoot regeneration by induc-
ing differentiation of photosynthesis-rich chlorenchyma cells
showed higher expression of auxin biosynthesis genes (Song
et al. 2023). This work led to the hypothesis that endog-
enous photosynthesis, in addition to light signaling, may be
capable of inducing auxin biosynthesis. While it is not clear
how similar graft healing and shoot regeneration may be,
the intriguing possibility remains that photosynthesis and
endogenous sugar content could also regulate graft success.

Sugars as potential signaling molecules for graft
success

Outside of the role of light-induced regulation, sugars
are also thought to be signals during graft healing. Dur-
ing Arabidopsis grafting, the scion accumulates starch and
activates a sugar-response genetic program, whereas the
stock shows a starvation response (Fig. 7A) (Melnyk et al.
2018). This sugar-regulated gene asymmetry is relieved once
phloem transport resumes (Melnyk et al. 2018). The impor-
tance of differential sucrose content between the scion and
stock for Arabidopsis remains unclear as some data suggest
low sucrose in the stock improves graft success (Marsch-
Martinez et al. 2013), while other work suggests otherwise
(Melnyk et al. 2018). This area is further complicated by
the fact that Arabidopsis heals in lit conditions, meaning the
scion has a constant source of sugars accumulating above
the graft site.
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Fig.7 Sugars are necessary in the scion for graft healing. A In typi-
cal grafted plants, the photosynthesizing scion will accumulate sugar
and starch above the graft junction. When etiolated plants are used
for grafting, reduced sugars are available. Grafted plants left for
extended periods in the dark always fail to recover, likely due to a

Perhaps more relevant studies for horticultural crops
include plants that require a period of darkness follow-
ing grafting. For example, in healing cucumber-pumpkin
(Cucurbita moschata) grafts, which require a 3-day low
light recovery, sucrose, raffinose, stachyose, and starch were
higher in the scion than stock prior to phloem connectiv-
ity (Miao et al. 2021). When etiolated seedlings contain-
ing lower sugar levels were used to graft, grafting success,
biomass, and vascular healing speed were reduced (Fig. 7)
(Miao et al. 2021). When exogenous glucose was applied to
the scion, biomass and graft success could be rescued. How-
ever, exogenous glucose could not overcome the develop-
mental delays induced by scions containing low sugar prior
to grafting (Fig. 7B). Furthermore, tomato, which requires
a low-light period, showed asymmetric genes expressed
related to starvation under the graft junction prior to vas-
cular healing (Cui et al. 2021). More work is required to
fully understand how asymmetric sugar signals may regulate
other genes during grafting or if scion sugar accumulation
is simply a byproduct of the physiology of grafting. Sugar
metabolism can also be altered by grafting, such as a reduc-
tion in roots (Li et al. 2016) or an increase in the fruit (Sun
et al. 2023), but the exact mechanisms that induce sugar
alterations following grafting have yet to be determined.
It is of note that grafted plants left in continuous darkness
consistently fail to heal, likely due to a complete lack of
photosynthates.

Despite considerable progress focused on the role of
phloem connectivity during grafting, the role of sugars and
asymmetric sugar-related gene expression remains to be
determined. Sugars are necessary for complete graft healing,
but the exact ratio of scion to stock sugar and the role that
exogenous sugars play in graft success remains to be seen.
This area is a clear focus for future research in the field of
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complete lack of sugars, amongst other issues. B When normal tis-
sue is grafted, the phloem heals first, followed by the xylem. Etiolated
scions show developmental delays in healing that cannot be comple-
mented by exogenous glucose application. Dark-treated grafts fail to
heal (Modified from (Miao et al. 2021))

graft biology, especially in crops that require a dark period
for successful healing, as this has a significant effect on the
available photosynthates in the scion.

Future perspectives

The future of graft biology is strong, with much still
unknown about the regulation and mechanism of graft heal-
ing. Light and temperature regulation, sugar metabolism,
compatibility, and mobile molecules all integrate at auxin
signaling. Currently, studies have profiled the effects of light
and temperature on graft healing in horticultural environ-
ments, but much remains unknown about the molecular
mechanisms that underlie these responses. Tomato provides
a unique model system for studying graft biology due to its
use as a commercially grafted crop and its emergence as a
model system.

Recent work has highlighted the integral role of auxin
during grafting. While decades of research have been spent
elucidating the role of light and temperature on auxin bio-
synthesis, there remains a significant disconnect between
these fields and graft biology. Future work unraveling how
light, temperature, and hormonal regulation underpin graft-
ing is needed to translate our understanding of abiotic stress
responses into the context of plant wounding and recovery.
Additionally, most of the work focused on grafting and the
molecular signaling of temperature regulation has been
conducted in Arabidopsis. This complicates our ability to
translate this knowledge into horticulturally relevant grafted
crops. The next steps in graft biology will likely revolve
around identifying conserved mechanisms between Arabi-
dopsis and other crops and validating well-studied signal-
ing pathways from Arabidopsis in species like tomato and
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Fig.8 The past, present, and future of graft science. Grafting was
originally used to propagate woody food crops. Over the years,
humans have adopted the technique to confer improved traits, graft
herbaceous plants, and study mobile molecules (green wedge). Cur-
rently, abiotic factors such as light and temperature have highlighted
the central role of auxin in graft success (blue wedge). Future efforts

cucumber. Arabidopsis is a powerful model system, but the
challenging next step of translating this work into relevant
crops is now needed to affect modern agriculture (Fig. 8).
Based on profound progress in graft biology over the last
few decades, the breadth of graft innovation appears limit-
less. In a world with an increasing population, destabilized
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to translate knowledge regarding light, temperature, sugar signaling,
and grafting from the model system Arabidopsis into horticultural
crops are the next important step in graft biology (red wedge). Much
like its humble beginnings, the future of graft biology will return to
food production (green arrow)

weather patterns, and challenges maintaining stable food
supplies, any horticultural techniques that benefit crop pro-
duction deserve ample attention.
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