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SUMMARY

For millennia, people have grafted plants to propagate them and to improve their traits. By cutting and join-
ing different species or cultivars together, the best properties of shoot and roots are combined in one plant
to increase yields, improve disease resistance, modify plant growth or enhance abiotic stress tolerance.
Today, grafting has evolved from what originated as an early form of trait engineering. The fundamental
technique remains the same, but new species are being grafted, new techniques have developed and new
applications for modifying development and stress tolerance are appearing. In addition, engineering possi-
bilities such as graft chimeras, graft hybrids and the use of mobile RNAs are emerging. Here, we summarize
advances in plant grafting with a focus on engineering novel traits. We discuss traditional uses of grafting
to engineer traits but also focus on recent developments, challenges and opportunities for plant improve-
ment through grafting.

Keywords: plant grafting, mobile RNAs, dwarfing, development, stress tolerance, graft hybrids, graft

chimeras.

INTRODUCTION

The cutting and joining of different plants is a common
horticultural practice that has evolved over millennia
involving a shoot (scion) grafted to a root or stem (root-
stock). It remains unknown when people first started
grafting but they were likely inspired by nature where
stems and roots of many woody species commonly fuse
within and between plants. Such a process is surpris-
ingly common and at least 200 tree species graft their
roots to one another, and in some forests, up to 75% of
trees are naturally grafted to one another via their roots
(Killa & Lohmus, 1999; Lev-Yadun & Sprugel, 2011).
Early grafters may have tied stems together to allow
branches to fuse, a process known as inosculation, or
cut and joined stems together to heal as one. Grafting of
woody plants allowed desirable shoots to be asexually
propagated, providing an early means for people to
domesticate fruit trees (Mudge et al., 2009). Ancient texts
also describe grafting of species that naturally root well
(Mudge et al., 2009) suggesting that some unknown ben-
efit may have been obtained from grafting rather than
taking cuttings. By the 15th century, desirable scions

© 2025 The Author(s).

were grafted to dwarf apple rootstocks (Mudge
et al., 2009). These plants may have been some of the
first whose traits were engineered or modified through
grafting. Modifying plants through grafting presented
several important advantages. Firstly, there was no lon-
ger a need for long breeding cycles to introduce new
traits, instead, benefits such as dwarfing could be rapidly
induced through grafting. A second advantage was the
ability to combine traits from species that could not be
crossed together, or traits for which the genetics are
complex and not based on a single gene. Finally, graft-
ing separated properties of scion and rootstock, allowing
each to be bred separately for desirable traits. Thus, a
technology was developed that continuously evolves.
Today, plants are still grafted for asexual propagation,
particularly in forestry and horticulture, but far more
plants are being grafted to engineer their properties
(Garner & Bradley, 2013; Lee et al., 2010). Here, we dis-
cuss how grafting modifies a plant's properties, how
humans have used this to engineer plants, and present
challenges and opportunities associated with engineering
plants through grafting (Boxes 1 and 2).
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Box 1. Main points

1 Grafting improves tolerance against both biotic and
abiotic factors by grafting stress-resistant rootstocks
to high yielding or enhanced fruit quality scions.

2 Grafting causes major change in plant development
including increasing or decreasing plant size, accel-
erating flowering time or changing the perceived
age of grafted tissues.

3 Graft chimeras, a mixture of cells from two species,
can arise from the graft junction to form chimeric
plants with the potential to improve disease resis-
tance, fruit quality, and plant growth.

4 Graft hybrids form at the graft junction from the
exchange of DNA between cells, and upon the isola-
tion and regeneration of these cells, allows asexual
hybridization between graft compatible plants.

5 RNA mobility occurs between scion and rootstock,
and when mobile CRISPR-Cas9 or RNA silencing
transgenes are introduced to rootstocks, they can
induce heritable gene editing in the scion or confer
systemic resistance to pathogens, respectively.

Box 2. Open questions in graft engineering

1 Can we deploy grafting in forestry and more widely
in horticulture by enhancing graft automation,
improving rootstock breeding programs, and lower-
ing the costs of grafted plants?

2 What are the genes and loci causing developmental
and stress-related grafting phenotypes, and can these
loci be incorporated into rootstock breeding programs?

3 Can we identify loci responsible for graft failure or
graft success, and modify their expression to greatly
expand the range of grafted plants?

4 Can we develop robust techniques for graft chimera
formation and use these chimeras more widely in
scientific research and horticulture?

5 How does DNA transfer at the graft junction and
can we use non-transgenic means to improve
hybridization efficiency and hybrid recovery?

6 How can we improve the efficiency of systemic CRISPR-
Cas9 mediate genome editing and does this technology
apply to species beyond the Brassica family?

TECHNOLOGICAL ADVANCES IN GRAFTING

The creativity of the grafter, technological innovations, and
breeding efforts have driven modern grafting, and here,
we discuss these three aspects. Ancient texts described

extensive graft combinations, many of which we know
today are unsuccessful, suggesting early grafters were
highly creative making combinations for curiosity, atheistic
interest or horticultural advantage. Several innovations are
particularly noteworthy. Firstly, the use of dwarfing root-
stocks in fruit production increased yields and facilitated
harvesting due to shorter and more densely planted trees
(Garner & Bradley, 2013; Lordan et al., 2019). This may
have been practiced in ancient China when kumquat or
mandarin scions were grafted to trifoliate orange root-
stocks, a dwarfing combination, but the precise date and
whether this combination was done for dwarfing is
unknown (Mudge et al., 2009). In the 1400s, grafting was
done with a weak growing apple tree as a rootstock, the
Paradise apple, that caused the scion to grow much smal-
ler than normal (Mudge et al., 2009). This began a practice
of dwarfing that quickly gained popularity. The phylloxera
insect’s arrival from North America precipitated another
round of creativity when European grapes used for wine
production had no resistance and were dying from insect
attack. Initial efforts centered on pest control or hybridiza-
tion, but the most suitable and durable solution emerged
from grafting American grape rootstocks to European
grape scions. This conferred resistance to soil infections
while maintaining European grape berries thus rescuing
the wine industry (Mudge et al., 2009). A third creative
innovation was the introduction of vegetable grafting.
Early records from China indicated that bottle gourd graft-
ing was practiced in the 6th century, and much later, in the
1920s, Japanese researchers grafted squash rootstocks to
watermelon to reduce fungal wilt. However, vegetable
grafting became more commonly practiced in the 1950s
when greenhouse agriculture became more prevalent and
the density of pests and reluctance to use pesticides
strengthened (Lee et al., 2010). Today, many greenhouse-
grown tomatoes, cucumbers, melons, eggplants, and
gourds are grafted to disease resistance rootstocks. By
some estimates, over 1 billion vegetables are grafted
yearly (Lee et al., 2010). Future creative efforts in grafting
will likely also play important roles (Table 1). For instance,
forestry has largely avoided grafting with exceptions for
breeding and seed production (Jayawickrama et al., 1991),
yet with improved rootstocks and an automated grafting
process, grafting could provide major benefits to the for-
estry industry (Box 2).

Importantly, creative efforts have worked together
with technological and breeding efforts. Technology and
techniques have allowed new ways to graft plants. Expe-
rienced grafters are aware of the importance of the graft-
ing method and timing. Over millennia, techniques such
as bud grafting, veneer grafting, splice grafting, side
grafting, tongue-and-whip grafting, approach grafting and
cleft grafting were developed to graft different tissues
and species (Garner & Bradley, 2013). Time of the year is
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Table 1 Developments in graft innovation
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Advance Time Innovation

Propagation

Antiquity  Grafting is used for the asexual propagation of desirable fruit trees (Mudge et al., 2009)
The Paradise dwarfing apple is first mentioned in grafting literature, likely as a rootstock for dwarfing

The ‘Bizzaria’ graft chimera is mentioned. In 1825, the + Laburnocytisus ‘Adamii’ chimera appears. In

1907, the first purposely made chimeras appear (Frank & Chitwood, 2016; Mudge et al., 2009)

Dwarfing 1472
(Mudge et al., 2009)
Graft chimeras 1674
Phylloxera 1869
resistance

Interstock grafting 1900s

Grafting is proposed as a solution for grapevines to resist phylloxera (Mudge et al., 2009)

Interstock grafting was likely practiced before the 1900’s, but became more common with pear in the

1930s as a method for dwarfing with quince rootstocks (Grubb, 1939; Hatton, 1939)

Vegetable grafting 1920s
et al., 2007)
Micrografting 1950s
citrus (Jonard, 1986)
Robot automation 1987
Graft hybrids 2009

Research began in the 1920s, and by the 1930s grafted vegetables were used in agriculture (Sakata
Developed in the 1950s for ivy and chrysanthemum, later applied in the 1970s to generate virus-free

The first semi-automated grafting robots were developed (Lee et al., 2010)
Using transgenic Nicotiana, hybrid cells are recovered and grown to mature plants. In 2014, novel hybrid

species are formed (Fuentes et al., 2014; Stegemann & Bock, 2009)

Monocot grafting 2022

Originally proposed by Obolonsky in 1960, embryo transplantation methods are developed for efficient

monocot grafting (Obolensky, 1960; Reeves et al., 2022)

also important for grafting. For instance, grape vines,
cherries and apples are often grafted in late winter,
whereas other species such maples, mulberries, and wal-
nuts graft well in the autumn (Garner & Bradley, 2013).
Widespread grafting of new species such as vegetables
promoted the development of grafting methods such as
hole insertion grafting, pin grafting and tongue approach
grafting (Lee et al., 2010). In forestry, top grafting of juve-
nile branches to mature branches began in the 1970s to
accelerate the flowering time of conifer scions and to
speed up conifer breeding cycles, practices still used
today with conifers and more recently with eucalyptus
(de Oliveira Castro et al., 2021; Heuchel et al., 2024).
Micrografting, the process of grafting very small or even
microscopic tissues, was developed in the 1950s for ivy
and chrysanthemum and was later applied in the 1970s
to eliminate viruses from citrus trees (Jonard, 1986; Mur-
ashige et al., 1972). Today, micrografting is more com-
monly used in research to graft small plants such as
Arabidopsis or to graft seedling material (Bartusch &
Melnyk, 2020; Feng et al., 2024; Reeves et al., 2022).
Micrografting with conifer trees allowed the successful
formation of pine-spruce grafts, something not previously
possible with traditional grafting techniques (Feng
et al., 2024). An important milestone was the develop-
ment of embryonic grafting that allowed the successful
grafting of monocots, previously considered ungraftable
(Reeves et al., 2022). Embryonic grafting allowed success
within a species but also between different monocot spe-
cies and genera (Reeves et al., 2022). The automation of
grafting with semi-automatic robots is another notable
technology advance yet grafting rates are only double
what can be done manually (Xie et al., 2020). The higher
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costs of robots means they are not being widely
deployed and manual grafting remains popular (Lee
et al., 2010; Xie et al., 2020). Other innovations, such as
the hot callus method of applying heat locally to the
graft junction have dramatically improved graft formation
rates in some recalcitrant species such as walnut (Avan-
zato & Tamponi, 1988). Applying enzymes and hormones
to the graft junction can also improve graft formation
rates (Kawakatsu et al., 2020; Kose & Glileryiiz, 2006).

Breeding efforts of rootstocks have also played a criti-
cal role in the development and widespread use of grafting
(Warschefsky et al., 2016). Dwarfing rootstocks for apples
emerged in the 1400s, and several hundred years later,
many different rootstocks are available with different
dwarfing strengths as a result of breeding efforts (Garner
& Bradley, 2013; Mudge et al., 2009). Thus, a farmer can
tailor their orchard height by selecting the correct root-
stock. With grapevine rootstocks, breeding efforts have
gone into crossing together different American grape vari-
eties together to obtain plants that are both disease resis-
tant but also suitable for different soil types (Rahemi
et al., 2022). Although common European grapes varieties
are largely unchanged for hundreds of years, many popu-
lar rootstocks were developed in the late 19th or early 20th
century, and breeding is ongoing today (Ollat et al., 2016).
In addition to apples and grapevines, breeding is done on
a variety of both vegetable and woody rootstocks to
improve yields, abiotic stress tolerance and disease resis-
tance (Warschefsky et al., 2016). Through a combination of
creativity, technology, and breeding, there is a strong
potential to lower the cost of grafting, enhance the benefits
of grafted plants and to widen the range of species grafted
(Figure 1; Table 1).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), doi: 10.1111/tpj.70057

85U8017 SUOWILLIOD A0 8|l jdde ayy Aq pausenob are saole YO ‘8sn JO Sa|n 10j ARIq1T8UIUO A8]IAA UO (SUONIPUOD-PUe-SWLBYWI00 A8 |1 ARe.q 18U JUO//:SdnL) SUORIPUOD Pue SWie L 84} 88S *[5202/60/.T] Uo ARiqiTauljuo AB|IM 'ssousios eInnouby JO AseAlun Usipems Aq 2G00L [dyTTTT'0T/10p/woo 8| im Aeiqijeuljuo//sdny woly pepeojumod ' ‘6202 ‘XETESIET



4 of 13 Frauke Augstein and Charles W. Melnyk
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Antiquity

Figure 1. Developments in graft innovation.

From the antiquity to today, several innovations have expanded our use of grafting to combine desirable traits of two plants. The ten events presented here are

further described in Table 1. The axis represents time in the Common Era (CE).

HOW GRAFTING AFFECTS PHENOTYPES

Grafting can modify plant phenotypes in three general
ways (Figure 2). There can be autonomous changes that
are inherent to the scion or rootstock, such as a rootstock
that is resistant to a soil-borne disease thus providing
whole plant resistance. Secondly, the graft junction itself
can modify phenotypes. Graft junctions often have disor-
ganized vascular morphology and some dwarfing root-
stocks affect xylem formation and vascular connectivity
(Olmstead et al., 2006; Soumelidou et al., 1994), potentially
affecting vascular transport. Graft junctions can also be
enriched in non-differentiated cells, contributing to weak-
ening of the stem (Errea et al., 1994). Hence, some root-
stocks are probably only partially compatible and their
failure to fully reconnect the stem could contribute to
changing scion growth phenotypes. Finally, and probably
the best studied, graft-induced phenotypes can be
non-autonomous and caused by an interaction between
scion and rootstock, often related to mobile substances.

In principle, hundreds, thousands, or even millions of
molecules are exchanged between shoot and root. When
different genotypes are grafted together, this flow of
molecular information between scion and rootstock is
modified. In the recipient tissue, novel molecules can
appear or molecules already present in the tissue
can increase or decrease in levels. Plants have extensive

vascular networks that communicate and exchange RNAs,
proteins, metabolites, hormones, and sugars within
organs and between shoot and root (Lucas et al., 2013).
Successful grafting requires the reconnection of the
sugar-transporting tissues, the phloem, and the
water-conducting tissues, the xylem (Melnyk et al., 2015).
Using grafting in research has uncovered that thousands
of small RNAs including siRNA and miRNAs are mobile
from shoots to roots in a variety of species including Arabi-
dopsis, grapevines, legumes, potatoes and Nicotiana (Bho-
gale et al., 2013; Li, Wang, et al., 2021; Pant et al., 2008;
Rubio et al., 2022; Zhang et al., 2021). Notably, small RNA
movement follows a source to sink route consistent with
transport through the phloem. Multiple papers have also
reported that hundreds or thousands of mRNA transcripts
move between shoots and roots in Arabidopsis, legumes,
potato, datura and apple (Li et al., 2024; Li, Wang,
et al.,, 2021; Notaguchi et al., 2014; Thieme et al., 2015;
Zhang et al., 2022). Mobility appears related to transcript
abundance in the phloem (Calderwood et al., 2016), RNA
modifications (Yang et al., 2019) or the presence of certain
tRNA motifs (Zhang et al., 2016). However, identifying
mobile RNAs relies on polymorphisms between scion and
rootstock genomes to understand where the transcript
originated from. A recent study found that many annotated
mobile mRNA transcripts lack support from reanalyzed
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Figure 2. Grafting’s effect on plant phenotypes and their impact on engineering.

Grafting can affect the plant’s phenotype autonomously, non-autonomously through transfer of components between scion and rootstock, or due to effects at
the graft junction. Desired phenotypes are often related to stress tolerance, development or the formation of chimeras or hybrids.

RNAseq data due to biological variation, technological
noise, and incomplete genome assemblies (Paajanen
et al., 2024). Thus, the issue of MRNA mobility warrants
further investigation and more thorough use of long read
sequencing and accurate polymorphism annotation. Hor-
mones, including the jasmonic acid precursor OPDA, the
gibberellic acid precursor GA12, and cytokinins also move

© 2025 The Author(s).

across the graft junction, as do metabolites including glu-
cosinolates (Andersen et al.,, 2013; Dong et al., 2022;
Matsumoto-Kitano et al., 2008; Regnault et al., 2015;
Schulze et al.,, 2019). Likely hundreds of proteins are
mobile between scion and rootstock, though efforts to
identify these on a genome-wide level are more limited
due to the sensitivity of mass spec and a reliable way to
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identify whether the protein came from the scion or root-
stock. Grafting studies helped establish that the flowering
time regulator FT protein moves from the leaves to the api-
cal meristem (Corbesier et al., 2007). Further work is
needed to uncover the long distance mobile proteome in
plants.

Importantly, these studies discovered that grafted
plants exchange numerous molecules that can affect traits.
Such exchanges are likely the basis for many of the
observed  grafting-induced  phenotypes and the
grafting-induced expression changes in hundreds or thou-
sands of genes in grafted grapevine, watermelon, bottle
gourd, tomato, potato, or datura (Cookson & Ollat, 2013;
Liu et al., 2016; Wang et al., 2019; Zhang et al., 2022). Euro-
pean grape vines are commonly grafted to American grape
rootstocks which affects volatiles, phenolics, and esters in
the wine (Chen et al.,, 2024; Ollat et al., 2003). Some
changes in gene expression may be caused by the grafting
process itself in Arabidopsis (Kumari et al., 2015), consis-
tent with the notation that the junction plays some role in
graft-induced phenotypes. Altogether, thousands or mil-
lions of molecules are moving within a plant, and by graft-
ing different plants together, we can change the
abundance of molecules and also their composition, thus
providing a novel source of phenotypic change.

STRESS TOLERANCE

Grafting is widely used to improve biotic and abiotic stress
tolerance (Figure 2). One of the first uses was conferring
resistance in grapevine against the insect phylloxera that
attacks roots. Today, the majority of grafted plants are veg-
etables and there, grafting is primarily done in tomato,
eggplant, pepper, watermelon, melon, and cucumber to
control soil-related pests such as nematodes, bacteria,
fungi, or insects. Commercial vegetable grafting began in
Asia the 1930s in response to diseases such as fusarium
wilt resulting from the continuous cropping of plants
(Sakata et al., 2007). More recently, the fungicide methyl
bromide was banned in 2005, decreasing the tools avail-
able for fungal control and increasing the use of grafted
vegetables in Europe and North America (Cohen
et al., 2007). New strains of fusarium have also appeared
that overcome host plant resistance necessitating grafting
until new cultivars become available (King et al., 2008).
Altogether grafting for disease resistance is growing in
popularity as diseases emerge, pesticide options reduce
and cropping systems become more intensive.

In watermelon and melons, grafting primarily provides
resistance to fusarium wilt but can also help with resistance
to nematodes and verticillium fungus (King et al., 2010).
Grafting in cucumbers provides resistance to fusarium wilt
(King et al., 2010), while grafting late blight resistance
potato rootstocks increases resistance in susceptible potato
scions (Li & Zhao, 2021). Tomatoes are commonly grafted

in open field production and non-heated greenhouses for
improved disease resistance (King et al., 2010). Most
disease-resistant tomato rootstocks are hybrids between
tomato (Solanum lycopersicum) and Solanum habrochaites
(King et al., 2010). Two common tomato rootstocks, ‘Beau-
fort’” and ‘Maxifort’, are resistant to pathogens such as
Tomato Mosaic Virus, fusarium root rot and fusarium
crown rot, corky root, verticillium, and nematodes (King
et al., 2010). Grafted tomato rootstocks can provide good
resistance to bacterial wilt (ralstonia) with no losses com-
pared to non-grafted controls that suffer between 30 and
80% disease incidence (Suchoff et al., 2019). The basis for
such fungal, bacterial, nematode, and insect resistance
appears largely autonomous and restricted to the root
though there are several examples showing that resistance
might be more systemic, perhaps due to mobile substances
or a general strengthening the vigor of the scion allowing it
to better resist infection (Lee, 1994). In apples, fireblight
(Erwinia) bacterial resistance in the scion can be modified
depending on the rootstock genotype but this might be
related to dwarfing (Korba et al., 2002; Singh et al., 2019).
With plant viruses, many move systemically and here, the
rootstock can increase resistance in the scion due to small
RNAs moving from rootstock to scion and promoting RNA
silencing from systemic mobile RNAs (Spano et al., 2015,
2020). Engineering rootstocks to produce transgenic small
RNAs can confer resistance to the scion such as towards
potato spindle tuber viroid in Nicotiana or towards Prunus
necrotic ringspot virus in cherry trees (Kasai et al., 2013;
Zhao & Song, 2014).

Grafting for abiotic stress tolerance is also common. In
vegetables, cold tolerance is one of the major reasons for
grafting cucumber scions to gourd rootstocks. Gourd root-
stocks are much more tolerant of cold soil temperatures
when grafted to cucumber scions, improve their cold toler-
ance (King et al., 2010). Tomato scions grafted to Solanum
peruvianum rootstocks showed improved heat stress toler-
ance (Lee et al., 2023), while tomato scions grafted to Sola-
num habrochaites rootstocks showed improved cold
tolerance (Ntatsi et al., 2017). Grafting tomato scions to salt
or drought-tolerant rootstocks is also a promising method
for increase tolerance to these stresses (Singh et al., 2020;
Zhang et al., 2019). In citrus, resistant rootstocks can
improve heat, drought or cold tolerance of sensitive scions
(Balfagon et al., 2022; Hmmam et al., 2023). Altogether, the
use of stress tolerant rootstocks has great potential but for
many traits, the mechanistic basis for tolerance is not well
known and may rely on improved properties of the root-
stock tolerating root-specific conditions, or overall improve-
ments to growth and vigor that helps tolerate the stress.

DEVELOPMENTAL CHANGES

Grafting changes the way plants grow and develop (Fig-
ure 2). This is particularly evident from the widespread use
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of dwarfing rootstocks, first identified in the 1400s, that
now are commonly used with apples, cherries, pears,
plums, peaches, and many other soft fruits (Garner & Brad-
ley, 2013). The rationale is that by using rootstocks that
restrict tree growth, trees can be planted more densely,
increasing yields per unit area and facilitating harvesting
(Garner & Bradley, 2013; Lordan et al., 2019). Interestingly,
dwarfing rootstocks can also cause trees to produce fruits
at an earlier age and also increase yields compared to a
non-dwarfing tree of similar size (Seleznyova et al., 2008).
Thus, there is considerable interest in identifying the
molecular basis for dwarfing. Quantitative trait loci (QTL)
studies identified three loci in apples responsible for
dwarfing: Dw1 on chromosome 5, Dw2 on chromosome 11
and Dw3 on chromosome 13 (Foster et al., 2015; Harrison
et al., 2016). DwT1 has the strongest effect while Dw2 alone
does not induce dwarfing (Foster et al., 2015). A candidate
gene approach tested WRKY expression in dwarfing root-
stocks and found WRKY9 expression was elevated, and by
overexpressing this gene, dwarfing could be induced
(Zheng et al., 2018). However, this study did not correlate
WRKY9 with Dw1, Dw2, or Dw3. A QTL approach focused
on Dw1 in apple and found a transposable element
inserted upstream of AUXIN RESPONSE FACTOR3 (ARF3)
located in the region of Dw1 (Li et al., 2024). Expression of
ARF3 was reduced in dwarfing rootstocks, yet key experi-
ments knocking out this gene in apples to confer dwarfing
were missing, leaving uncertainty whether this transpos-
able element in the ARF3 promoter is the causative factor
of Dw1 (Li et al., 2024). Carbohydrate depletion and a
reduction in polar auxin transport have also been sug-
gested as possible reasons for dwarfing (Foster
et al., 2017). In addition, dwarfing rootstocks have lower
hydraulic conductivity and less potential to transport
water, another possible contributing factor (Atkinson
et al., 2003). Thus, further work is needed to uncover or
validate the identity of Dw1, Dw2, and Dw3 and to under-
stand the mechanism for dwarfing. Interestingly, in pear
trees, the dwarfing locus Dw1 appeared to be in a similar
chromosome location as Dw1 in apple, suggesting a simi-
lar locus or gene might be responsible for dwarfing in both
species (Knabel et al., 2015).

In contrast to trees, grafting is used in some vegetable
crops to increase vigor and enhance yields per individual
plant. Grafted greenhouse tomatoes can be more vigorous,
halving the number of plants grown and reducing seed
costs (King et al., 2010). Grafting with certain rootstocks
can increase vigor and yields in eggplant and double yields
in tomato (Grieneisen et al., 2018; Musa et al., 2020). Graft-
ing a cassava relative, Manihot glaziovii, as a scion onto
Manihot esculenta (cassava) roots can double yields com-
pared to ungrafted cassava (Bruijn & Dharmaputra, 1974).
However, too much vigor in tomato can come at the
expense of fruit yields (King et al., 2010) and can also

© 2025 The Author(s).
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deteriorate fruit quality in watermelons grafted to bottle
gourd (Garcia-Lozano et al., 2020). The molecular basis for
such changes in vigor are not well known, but are likely
related water and nutrient update, mobile substances from
the rootstock, or changes in gene expression in the scion
(Kyriacou et al., 2017). Rootstocks with increased xylem
cell widths were associated with higher yields in grafted
eggplants (Kappel et al., 2024). Decreases in DNA methyla-
tion were also observed in grafted eggplants, correlating
with changes in transposable element expression, suggest-
ing that epigenetic factors might also play a role in
changes in vigor (Cerruti et al., 2021). Such changes in the
epigenome raise the intriguing possibility that DNA meth-
ylation changes could be inherited to the progeny. Progeny
from tomato, eggplants, and pepper grafts had changes in
DNA methylation compared to their parents (Wu
et al., 2013). Tomato scions grafted to mutant msh1 root-
stocks showed enhanced vigor, and these improvements
in vigor were heritable for up to five generations (Kundar-
iya et al., 2020). Similarly, grafting different cultivars of
pepper, Capsicum annuum, together caused changes in
fruit size in the progeny that were heritable for several gen-
erations (Ohta & Van Chuong, 1975; Taller et al., 1998; Tsa-
balla et al., 2013).

Grafting can also induce changes in flowering and
tissue maturity. Seminal experiments done with Arabi-
dopsis grafting demonstrated that the FT protein, impor-
tant for flowering induction, was mobile from leaves to
apical meristems (Corbesier et al., 2007). Modifying FT
levels in the rootstock through vernalization or using late
flowering cultivars could accelerate or delay, respectively,
flowering time in grafted Brassica rapa scions (Zheng
et al., 2019). Overexpressing blueberry FT homologs in
the rootstock could accelerate blueberry flowering in the
scions (Song et al., 2019), while in cassava, grafting a
high flowering rootstock could enhanced flowering in a
scion with low flowering rates (Silva Souza et al., 2018).
In several woody species, grafting a juvenile branch onto
the end of a mature plant, a process known as top graft-
ing, can accelerate flowering and help shorten breeding
cycles. Eucalyptus, pine, and kiwifruit juvenile branches
all flower several years earlier when grafted than would
be normally expected (Almqvist & Ekberg, 2001; de Oli-
veira Castro et al., 2021; Liang et al., 2011). Interestingly,
top grafting mature tissues repeatedly to juvenile root-
stocks resulted in an opposite effect in Sequoia sempervi-
rens: the restoration of juvenile traits in the scion (Huang
et al., 1992). These effects of top grafting are likely pro-
moted by mobile substances such as mRNAs and miR-
NAs from leaves or needles in the stock that affect scion
age (Ahsan et al., 2019), or alternatively might be influ-
enced by the vigor and carbon reserves of a mature stock
that can accelerate growth and tissue maturation of the
scion.
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GRAFT CHIMERAS

Grafting causes cells from both graft partners to grow
together and mix. Occasionally, when tissues or organs grow
from the graft junction itself, they can contain a mixture of
cells from the two different species. These cells remain
genetically distinct but grow as intermixed sectors or layers,
known as a graft chimera. One notable example is the ‘Biz-
zaria’ orange discovered in 1674 from a graft of Citrus med-
ica to Citrus aurantium (Frank & Chitwood, 2016). In 1868,
Charles Darwin proposed his theory of graft hybridization
whereby different parts of the grafted plant come together to
create new individuals. In his book, The Variation of Animals
and Plants under Domestication, Darwin present Adam’s
laburnum as an example of hybridization (Darwin, 1868; Liu,
2018), which we know today is not a true hybrid but instead
a chimera of cells between Laburnum anagyroides and Cha-
maecytisus purpureus (Frank & Chitwood, 2016). Adam’s
laburnum and the ‘Bizzaria’ orange are both stable chimeras
that are vegetatively propagated and still in use in the orna-
mental trade. In research, producing graft chimeras began in
1907 when Winkler grafted black nightshade (Solanum
nigrum) to tomato (S. lycopersicum) and made a cut through
the healed junction to induce adventitious shoots, some of
which were graft chimeras (Winkler, 1907). Chimeras can be
sectorial, which have a region of tissue of a different geno-
type, mericlinal, which have part of a cell layer of a different
genotype or periclinal, which have an entire layer of cells in
the meristem with a different genotype (Figure 2) (Jgrgensen
& Crane, 1927). In Solanum species, most chimeras that
emerge from the graft junction are initially mericlinal but
these are often not stable and develop into periclinal chi-
meras (Jgrgensen & Crane, 1927).

More recently, graft chimeras have been used to
understand cell layer-specific expression patterns. Grafts
between Solanum pennellii and tomato (S. lycopersicum)
formed chimeras that had 382 genes mainly expressed in
the L1 layer, many of these related to cutin and wax,
whereas 1159 genes were expressed mainly in the L2/L3
layers, many of these related to the chloroplast (Filippis
et al., 2013). Graft chimeras formed between Citrus sinen-
sis and Citrus natsudaidai revealed the relative contribu-
tion of different cell layers to fruit and leaf characteristics
(Zhou et al., 2002). The L1 layer contributed to fruit juice
sacs, while the L2 layer produced seeds and the L3 layer
produced vascular bundles (Zhou et al., 2002). Leaves often
had intermediate characteristics, reflecting the importance
of one cell layer influencing the phenotype of other layers
(Zhou et al., 2002). Chimeras between Brassica juncea and
Brassica oleracea also had intermediate phenotypes (Chen
et al.,, 2006). Progeny of these plants, although non-
chimeric, showed evidence of DNA methylation and sRNAs
from the other chimeric partner, suggesting cell layer
exchanges of information led to heritable DNA

modifications (Li et al., 2013; Yu et al., 2018). Chimeras
have strong horticultural potential: by combining the best
properties of different cell layers, there is an opportunity to
enhance yields, fruit characteristics or disease resistance.
Chimeras between B. juncea and B. oleracea increased
resistance to whitefly due to cell layers from the resistant
B. oleracea (Li et al., 2017). Graft chimeras of tomato (S.
lycopericum) show an increased resistance to aphids when
an L1 layer from S. pennellii was included (Goffreda
et al., 1990), while graft chimeras of cassava, M. esculenta,
with the wild species, Manihot fortalezensis, increased
yields and improved drought tolerance (Nassar & Bom-
fim, 2013). Although there is strong potential to more
widely study and deploy chimeras in agriculture, chal-
lenges remain with forming adventitious shoots from the
graft junction and identifying chimeras. Many species are
recalcitrant to shoot formation from the graft junction
(Burge et al., 2002) but techniques like in vitro graft cul-
tures and protoplast grafting could be alternatives to
improve regeneration efficiencies (Binding et al., 1987;
Noguchi et al., 1992). The recent development of callus
grafting involving the co-culturing of different calli
together (Hasbioglu et al., 2023) might also allow more
efficient chimeras formation and regeneration.

GRAFT HYBRIDIZATION

Although Darwin proposed his idea of graft hybridization in
1868, there was little evidence that true hybridization
occurred at the graft junction until recently. Grafts made
between Nicotiana tabacum containing different antibiotic
selection markers in the scion and rootstock allowed the
isolation of shoots formed at the graft junction containing
both antibiotic markers (Stegemann & Bock, 2009). Such
plants had cells with DNA from both graft partners and
plants were recovered at rates slightly higher than one
hybrid per graft junction (Stegemann & Bock, 2009). Fur-
ther studies revealed the transfer of chloroplasts, mito-
chondria and even the whole genomes occurred (Fuentes
et al., 2014; Gurdon et al., 2016; Stegemann et al., 2012;
Thyssen et al., 2012). The transfer of the nuclear genome
between N. tabacum and N. glauca allowed the formation
of tetraploid cells at the graft junction that could then be
isolated using antibiotic selection and grown into a novel
species (Fuentes et al., 2014). This method of asexual
hybridization thus presents a promising way to combine
genomes from different species that cannot be normally
hybridized yet can be grafted. For example, the high
value metabolite, ketocarotenoid astaxanthin, was trans-
genically expressed in N. tabacum plastids. These plants
were then grafted to Nicotiana glauca to transfer the chlo-
roplasts and allow astaxanthin production in a
nicotine-free species (Lu et al., 2017). However, important
outstanding questions and technical limitations remains.

© 2025 The Author(s).
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Figure 3. Grafting methods, materials and new possibilities.
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Grafting material

Different methods have been developed to improve grafting success. At the same time, the use of different grafting materials have expanded the range of plants
that can be grafted and the phenotypes that can be accomplished. In the future, hybrid and chimera regeneration as well as the use of transgene-free CRISPR

offers new possibilities to produce even more desirable plants.

It is unclear exactly how the DNA transfers. Plastids have
been observed moving cell-to-cell through 1.5 um inter-
cellular pores at the junction (Hertle et al., 2021). How-
ever, these data do not rule out other mechanisms given
that the same organelle moving across the junction in
real time has not yet been observed and other organelles,
such as nuclei, are much larger and potentially harder to
move through a narrow pore (Chambaud et al., 2022; Her-
tle et al., 2021). It is also possible that a process similar
to protoplast fusion, which can also cause cell hybridiza-
tion, occurs at the graft junction from weakened cell walls
(Chambaud et al., 2022; Hertle et al., 2021). One limitation
for this hybridization technology is that antibiotic selec-
tive markers are used to select for these rare events, per-
haps as low as one hybrid cell per junction (Stegemann
& Bock, 2009). Techniques are needed to improve rates
of hybrid formation and to avoid the use of transgenes,
allowing this technology to be used more widely
(Figure 3).

© 2025 The Author(s).

RNA MOBILITY TO ENGINEER TRAITS

The mobility of RNAs across the graft junction has allowed
multiple engineering possibilities (Figure 3). By engineer-
ing rootstocks with transgenes that generate small interfer-
ing RNAs targeting Prunus necrotic ringspot virus or
potato spindle tuber viroid, resistance to these viruses was
enhanced in non-transgenic cherry or tobacco scions,
respectively (Kasai et al., 2013; Zhao & Song, 2014). Simi-
larly, rootstocks expressing siRNAs to the meiosis factor
DISRUPTED MEIOTIC cDNA 1 (DMCT1) resulted in siRNAs
moving into the flowers and causing partial sterility in N.
tabacum (Zhang et al., 2014). Transgenic N. benthamiana
rootstocks expressing siRNAs caused epigenetic modifica-
tions in potato scions that were heritable to tubers (Kasai
et al., 2016). Engineering viruses to silence genes, and then
using these in grafting experiments can also improve dis-
ease resistance in the scion (Krueger et al., 2024). Several
thousand mRNAs also move systemically between shoot
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and root and a tRNA-like structure (TLS) was enriched in
these mobile RNAs (Zhang et al., 2016). Adding this motif
to a non-mobile RNA conferred mobility, indicating that
the TLS was sufficient to confer mobility across a graft
junction in Arabidopsis and tobacco (Zhang et al., 2016).
Fusing a TLS to a Cas9 mRNA and CRISPR guide RNA cre-
ated a mobile CRISPR-Cas9 editing system, and through
grafting, transgene RNAs moved from the transgenic root-
stock to the wild-type scion and caused heritable genome
editing in the progeny (Yang et al., 2023). Such editing
appeared in 0.5% of the progeny and this heritability has
so far only been demonstrated in Arabidopsis (Yang
et al., 2023). Thus, such as a system is highly promising for
generating transgene-free CRISPR-Cas9 edits but further
work is needed. This system relies on the conserved mobil-
ity of the TLS-fusion RNAs in other species, on their editing
ability and on our ability to graft. Testing the system in
species beyond Arabidopsis should be a priority. Recently,
N. benthamiana and Petunia were demonstrated to be
nearly universally successful graft partners with a wide
range of eudicots (Kurotani et al., 2022; Notaguchi
et al., 2020). Generating such a mobile gene editing system
in N. benthamiana and using this species as a RNA deliv-
ery system to genome edit various species via grafting
could be a promising technological development.

THE FUTURE OF GRAFT ENGINEERING

Plant grafting has existed since antiquity but its recent use
continues to grow with new species, new techniques, and
new applications appearing (Table 1; Figure 3). Major chal-
lenges remain with grafting and the use of grafted plants.
Costs remain high and graft failure rates remain a problem
for the industry (Barrett et al., 2012; Li, Han, et al., 2021).
Furthermore, the mechanistic basis for many of the
graft-induced traits such as dwarfing remain unknown.
Efforts are needed to lower the costs associated with
grafted material and to improve the benefits of rootstocks
through dedicated breeding programs, thus helping justify
higher costs. Automation of micrografted material should
also be prioritized to rapidly and efficiently graft given that
young materials graft so efficiently (Feng et al., 2024;
Reeves et al., 2022). Identifying markers associated with
graft incompatibility would help diagnose this phenome-
non and allow breeding to avoid genes and loci that cause
graft failure. Understanding the mechanistic basis for
incompatibility would also help develop treatments to
improve graft success rates. There is also a pressing need
to better understand the basis for both autonomous and
non-autonomous grafting-induced traits (Box 2).

More recent applications for grafting, such as graft
chimeras, graft hybrids and mobile systemic RNAs show
promise as novel ways to generate new species or new
genotypes for agriculture and horticulture. Further work is
needed to better understand how these combinations

form, their stability, their efficiency, and the heritability of
editing or epigenome modifications. We are now able to
graft more species than ever, in particular with the devel-
opment of monocot grafting (Reeves et al., 2022). The use
of young tissues and Nicotiana has also allowed us to
overcome grafting barriers for many species (Feng
et al., 2024; Notaguchi et al., 2020; Reeves et al., 2022).
Thus, combining novel applications such as chimeras,
hybrids and mobile RNAs with these new grafting tech-
niques should allow a transformation in grafting biology
and the development of new species and new technolo-
gies. Given the rapid progress and interest in grafting the
past 20 years, the future for grafting research looks prom-
ising and the potential applications will allow for major
improvements in science, horticulture and agriculture.
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