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Abstract

Grafting has been a pivotal technique in apple tree propagation for centuries, allowing for the combination
of desirable characteristics such as disease resistance, tree size control, and fruit quality. This review
explores the historical evolution of grafting techniques, from traditional methods like whip and tongue
grafting to modern innovations such as micrografting and tissue culture. The article delves into the impact
of rootstock selection, highlighting how advancements in rootstock varieties have improved graft success
rates, disease resistance, and environmental adaptability. Technological innovations, including automated
grafting machines, computer modeling, and robotic systems, are also examined, showcasing their role in
increasing precision and efficiency in large-scale apple cultivation. Furthermore, the review discusses the
role of genetic and environmental factors in graft success, with an emphasis on the potential of
biotechnological tools such as CRISPR to revolutionize graft compatibility and disease resistance. Despite
the advancements, challenges such as graft incompatibility and disease transmission persist, necessitating
ongoing research. The economic and environmental benefits of modern grafting techniques, particularly in
terms of sustainability and reduced chemical input, are emphasized. Finally, the future of apple tree
grafting is considered, focusing on the potential of Al, robotics, and cross-species grafting to drive further
innovation. This comprehensive review provides a critical understanding of grafting advancements and
their impact on apple tree development, sustainability, and future prospects.

Keywords: Grafting techniques, apple tree propagation, disease resistance, tree size control

1. Introduction

Apple trees are among the most widely cultivated fruit trees in the world, contributing
significantly to global agricultural production and local economies (Anderson & Li, 2019) M,
With a history that spans millennia, apples not only serve as key agricultural products but also
play a significant role in global cultures, economies, and ecosystems (Smith, 2017) 1. Apple
tree cultivation, while relatively straightforward, requires precision in propagation methods to
maximize yield, fruit quality, and tree health (Brown & Patel, 2015) [,

One of the most essential propagation techniques for apple trees is grafting, a horticultural
method that allows growers to combine two plant parts to create superior trees (Johnson &
Green, 2016) 1. Grafting involves the union of two distinct plant tissues-typically the rootstock
and scion-that eventually grow as a single tree (Singh et al., 2019) [*81. This technique enables
growers to leverage desirable traits such as disease resistance from the rootstock and high-
quality fruit production from the scion (Jones & Patel, 2021) 8. As a result, grafting has
revolutionized apple tree development and enabled the expansion of orchards in regions
previously unsuitable for apple cultivation (Brown, 2018) 4],

The practice of grafting dates back thousands of years, with early evidence found in ancient
China, Greece, and Rome (Kumar & Lee, 2016) ', Early orchardists discovered that grafting
allowed them to propagate trees reliably, ensuring the preservation of desirable fruit varieties
(Anderson, 2020) 2, Apple trees, in particular, do not come true from seed, meaning that the
fruit produced by a seedling may not resemble the parent tree (Smith, 2017) 1. Grafting
ensured the perpetuation of desirable apple varieties and enabled the development of consistent
orchards (Brown et al., 2020) 1,

~ 265 ~


https://www.agronomyjournals.com/
https://doi.org/10.33545/2618060X.2024.v7.i9d.1517

International Journal of Research in Agronomy

This review explores advancements in grafting techniques for
apple tree development, from traditional methods to modern
innovations. By analyzing the impact of technological
developments, rootstock selection, genetic and environmental
factors, and sustainability, this review provides a comprehensive
overview of the current state of grafting and its future potential.

2. The Basics of Grafting

Grafting is a propagation technique where two plant parts,
typically the rootstock (which provides the root system) and the
scion (which bears the fruit), are joined together (Sharma et al.,
2020) %1, This method is widely used for fruit trees, particularly
apples, because it offers several advantages over growing trees
from seed (Nelson & Green, 2016) (4,

2.1 There are several types of grafting methods used for

apple tree propagation

e Whip and Tongue Grafting: This method involves cutting
both the rootstock and scion at an angle, followed by
creating a small slit or "tongue" in both pieces to lock them
together (Singh et al., 2019) !, This method forms a strong
union and is commonly used for young apple trees.

o Cleft Grafting: This technique is used when the rootstock
is significantly larger than the scion. A cleft is made in the
rootstock, and the scion is inserted into it, which is often
used for top-working established trees to change varieties
(Li & Wang, 2018) 121,

e Budding: In this technique, a bud from the scion is inserted
into a small incision in the rootstock. This method is
typically performed in late summer and has a high success
rate under ideal conditions (Johnson & Green, 2016) ["],

The benefits of grafting are numerous. Grafting allows growers
to propagate specific apple varieties consistently, ensuring high
fruit quality (Brown et al., 2020) 6. Additionally, it enables the
selection of rootstocks that provide resistance to soil-borne
diseases, improve drought tolerance, and control tree size (Kim
et al., 2020) . Grafted trees generally produce fruit more
quickly than seed-grown trees, making orchard establishment
faster and more profitable (Jones & Patel, 2021) (81,

However, early grafting practices faced several challenges.
Grafting requires precision, and poor technique often results in
graft failure (Brown et al., 2019) Bl Additionally,
incompatibility between the rootstock and scion can lead to poor
growth or tree death, and environmental conditions like
temperature and humidity also play a significant role in the
success of the graft union (Nelson & Green, 2016) (4],

3. Traditional Grafting Methods

Historically, grafting techniques have been used for centuries
with varying degrees of success. Ancient civilizations, such as
those in China and Rome, utilized simple grafting techniques to
replicate fruit varieties and ensure the sustainability of their
orchards (Anderson, 2020) 3. These early methods laid the
foundation for more advanced techniques that have emerged in
the modern era (Mason & Lee, 2021) 31,

Bench grafting is one of the earliest methods used in apple tree
propagation. This method involves grafting the scion onto the
rootstock indoors, usually in late winter or early spring, before
planting the grafted tree in the field (Li & Wang, 2018) [*?],
Bench grafting is popular due to its simplicity and relatively
high success rate (Brown & Patel, 2015) [,

Whip grafting is another traditional method that involves cutting
both the rootstock and scion at similar angles and joining them
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together. This method forms a strong union, which is crucial for
the longevity of the tree (Singh et al., 2019) [*61. Cleft grafting
has also been widely used, particularly for top-working
established trees when the variety needs to be changed (Li &
Wang, 2018) 12,

Despite their widespread use, traditional grafting methods had
several challenges. Success rates were often inconsistent,
particularly in regions with unfavorable weather conditions
(Mason & Lee, 2021) '3, Grafting requires precise timing,
typically during the tree's dormancy period, and improper timing
can result in graft failure (Johnson & Green, 2016) /. Graft
incompatibility also remained a common problem, especially
when growers experimented with different rootstock-scion
combinations (Brown et al., 2019) B,

As apple tree cultivation expanded into different regions, it
became clear that traditional grafting techniques required
refinement. Growers faced difficulties in grafting apples in areas
with harsh climates, poor soil conditions, or high disease
pressure (Kumar & Lee, 2016) [, This drove the development
of more advanced grafting techniques that could address these
challenges and improve overall success rates (Brown et al.,
2020) 61,

4. Modern Advances in Grafting Techniques

With modern horticultural advancements, grafting techniques
have undergone significant improvements. New tools and
methodologies have led to higher success rates, increased
precision, and more efficient propagation (Kim & Singh, 2021)
[10]

One of the most significant advancements is micrografting, a
technique that allows for grafting of very small pieces of plant
tissue. Micrografting is often used in conjunction with tissue
culture, where small plantlets are grown in sterile environments
before being grafted onto rootstock (Brown et al., 2019) [,
Tissue culture enables the production of virus-free apple trees,
ensures uniformity in the orchard, and allows year-round
grafting in controlled environments (Singh et al., 2019) 161,

In addition to tissue culture, advancements in grafting equipment
have optimized the grafting process. Automated grafting
machines are now used in large-scale operations, allowing for
faster and more precise grafting (Kim & Singh, 2021) 1'%, These
machines can perform thousands of grafts per day, significantly
reducing labor costs and accelerating orchard establishment
(Brown et al., 2019) B,

Technology has also played a role in improving grafting success
rates. Computer modeling is used to simulate grafting
conditions, allowing growers to optimize the timing and
environmental factors that influence graft success (Mason &
Lee, 2021) (31, Furthermore, robotic grafting systems are being
developed to provide greater precision and efficiency in the
grafting process (Kim & Singh, 2021) %1,

One example of success from these modern advancements is the
use of dwarfing rootstocks. These rootstocks have enabled the
production of high-density orchards with smaller trees, reducing
tree size while promoting early fruiting, ultimately increasing
profitability (Kim et al., 2020) [,

5. Impact of Rootstock on Grafting Success

The selection of rootstock plays a critical role in the success of
grafting. Rootstocks influence tree vigor, size, disease
resistance, and fruit yield, making it essential to choose the right
variety for specific environmental conditions.

Dwarfing rootstocks, such as M.9 and M.27, have become
popular in commercial orchards because they reduce tree size,
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allow for higher planting densities, and promote early fruiting
(Brown et al., 2020) 1. These rootstocks have significantly
improved orchard management and productivity.

Rootstocks also influence disease resistance. Some rootstocks
are bred to resist diseases like fire blight and Phytophthora root
rot, which improves the overall health of grafted trees (Singh et
al., 2019) 181, Moreover, rootstocks can affect the tree's tolerance
to environmental stressors, such as drought or poor soil
conditions (Kim et al., 2020) [°],

6. Environmental and Genetic Factors Affecting Grafting
Environmental and genetic factors both play crucial roles in
grafting success. Climate, soil conditions, water availability, and
temperature can all influence the growth of the graft union
(Nelson & Green, 2016) . For example, excessively high
temperatures may cause the graft to dry out before it has a
chance to take, while low temperatures can slow the healing
process (Brown et al., 2019) I,

Genetic compatibility between the rootstock and scion is another
significant factor. Incompatible combinations can lead to poor
growth or graft failure (Jones & Patel, 2021) . Modern genetic
techniques, such as molecular marker analysis, help assess the
compatibility of rootstock-scion combinations before grafting,
improving success rates (Sharma et al., 2020) (%1,

Plant hormones like auxins and cytokinins also influence cell
division and tissue growth at the graft site, playing a key role in
the success of the graft union (Sharma et al., 2020) [91,
Understanding these hormones has led to improvements in
grafting techniques, allowing for better success rates and faster
healing.

Additionally, biotechnology is being employed to enhance
grafting success rates. Gene editing tools, like CRISPR, offer the
potential to modify rootstock and scion genes, improving
compatibility and disease resistance (Jones & Patel, 2021) [,
While still in the early stages, gene editing could revolutionize
grafting in apple trees in the future.

7. Challenges in Grafting Apple Trees

Despite the many advancements in grafting, challenges remain.
Graft incompatibility is one of the most significant issues,
particularly when experimenting with new rootstock-scion
combinations (Jones & Patel, 2021) [, Incompatibility can lead
to poor growth, disease susceptibility, or even failure of the graft
(Brown et al., 2019) [26],

Another challenge is disease transmission. If either the rootstock
or scion is infected with a virus or bacterial disease, the grafted
tree may become infected, leading to reduced fruit quality or tree
death (Sharma et al., 2020) *°1. This is why the production of
virus-free plant material through tissue culture has become so
important (Brown et al., 2019) (161,

Environmental stressors, such as drought or frost, can also
impact graft success. Trees grafted in extreme weather
conditions may struggle to establish a strong graft union, leading
to poor growth or death (Nelson & Green, 2016) 41,

Lastly, timing is critical in grafting. Grafting is usually
performed during the dormant season, but improper timing can
result in failure (Johnson & Green, 2016) [l Researchers are
developing rootstock varieties that are more compatible with a
wider range of scions, aiming to reduce graft incompatibility
(Singh et al., 2019) 261,

8. Recent Research and Innovations
Recent research in grafting has led to several exciting
innovations. In particular, CRISPR and other gene-editing
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technologies are being explored for their potential to improve
graft compatibility, disease resistance, and environmental
tolerance (Jones & Patel, 2021) [,

Researchers are also developing biopolymers and nanomaterials
for use in grafting. These materials create biodegradable grafting
tapes that support the graft union while promoting faster healing
(Sharma et al., 2020) 1. Nanomaterials, in particular, show
promise in improving graft success by enhancing nutrient uptake
and disease resistance (Brown et al., 2019) B,

Additionally, micrografting continues to advance, with
researchers exploring techniques that involve minimal damage
to the plant. This technique is particularly useful in propagating
virus-free plant material (Singh et al., 2019) (161,

9. Economic
Techniques
The economic impact of modern grafting techniques has been
significant, particularly for commercial apple growers. Modern
techniques allow for faster orchard establishment, earlier
fruiting, and higher yields, all of which contribute to increased
profitability (Kim et al., 2020) [,

By using dwarfing rootstocks and high-density planting systems,
growers can produce more fruit per acre, reducing both land and
labor costs (Brown et al., 2020) I, Additionally, the use of
disease-resistant rootstocks and virus-free plant material reduces
the need for chemical inputs, further lowering production costs
(Kim et al., 2020) [,

Impact of Advancements in Grafting

10. Sustainability and Environmental Considerations
Sustainability is becoming increasingly important in apple tree
grafting. Modern grafting techniques promote eco-friendly
agriculture by reducing the need for chemical inputs and
promoting the use of disease-resistant rootstocks.

Grafting also plays a role in conserving genetic diversity in
apple varieties, which is essential for long-term sustainability
(Brown et al., 2020) Pl By selecting rootstocks that are tolerant
of drought or poor soil conditions, growers can reduce water and
fertilizer use, making orchards more environmentally sustainable
(Kim et al., 2020) [,

11. Future of Apple Tree Grafting

The future of apple tree grafting looks promising. Emerging
technologies, such as Al and robotics, have the potential to
improve grafting precision and efficiency (Kim & Singh, 2021)
(20, Machine learning algorithms could predict the best
rootstock-scion combinations, while robotic grafting systems
could automate the process entirely (Mason & Lee, 2021) (23],
Another exciting possibility is cross-species grafting, which
could lead to hybrid apple trees with unique characteristics.
Though still in the experimental stage, this technique could
result in apple varieties with improved disease resistance, fruit
quality, and environmental tolerance (Jones & Patel, 2021) ¥,

12. Conclusion

In conclusion, grafting has played a critical role in the
development of apple trees, from traditional methods to modern
innovations (Brown et al., 2020) Bl Advances in grafting
techniques have improved efficiency, success rates, and
sustainability in apple tree propagation, benefiting both large-
scale and small-scale growers (Johnson & Green, 2016) 7],

As technology continues to evolve, grafting techniques will
likely become even more precise and efficient, further enhancing
the productivity and sustainability of apple orchards (Jones &
Patel, 2021) ¥, With potential innovations in gene editing, Al,
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and robatics, the future of apple tree grafting looks brighter than
ever (Kim & Singh, 2021) 91,
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