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Abstract

Papaya (Carica papaya L.) is a nutritionally rich and economically significant tropical fruit crop. Despite its importance, papaya cultivation
faces challenges such as dioecy, inconsistent seed propagation and environmental influence on sex expression. Grafting has emerged as a
viable vegetative propagation technique to overcome these constraints, ensuring uniformity, improved plant vigor and extended
economic lifespan. Among various grafting methods, cleft grafting has demonstrated high success rates, producing hermaphrodite plants
with desirable traits such as reduced fruiting height and increased productivity. The process involves intricate physiological and molecular
mechanisms. These include callus formation, vascular regeneration and hormonal interactions that facilitate graft union success.
Cytokinins and gibberellins play a crucial role in lateral shoot development, aiding scion production by mitigating apical dominance.
Additionally, molecular studies reveal the movement of RNAs and proteins across graft unions, influencing growth regulation. Despite its
advantages, papaya grafting faces challenges like bacterial rot, which can be managed through silicon application and optimized grafting
conditions. This review highlights advancements in grafting techniques, emphasizing their role in enhancing propagation efficiency and
improving papaya cultivation. Standardizing these techniques could provide sustainable solutions for commercial papaya production,
ensuring consistent fruit quality and yield. Future research should focus on optimizing grafting methodologies, exploring resistant
rootstocks and understanding genetic interactions and promoting field-level adoption to enhance commercial cultivation.
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Papaya is a soft-wooded, semi-herbaceous plant with a
columnar growth habit, often resembling palm trees. It typically
remains unbranched, wearing a crown of leaves with long,
hollow petioles and deeply lobed blades (9). Botanically, papaya
is trioecious-individual plants produce male, female, or
hermaphrodite flowers. Male trees bear long, pendulos
inflorescences with slender flowers that usually lack pistils.
Female plants produce large pistil-bearing flowers without
stamens, while hermaphrodites bear bisexual flowers capable of
sexual variation (7). The fruit shape varies accordingly-female
trees yield globose fruits, whereas hermaphrodites produce
elongated fruits with higher market preference.

Introduction

Papaya (Carica papaya L.) is a tropical fruit crop native to
Americas and widely cultivated in tropical and subtropical region
worldwide (1). India is the largest producer, contributing over
13.9 million tonnes annually-more than 50 % of global papaya
production. As of 2023-2024, papaya is grown on approximately
148.13 thousand hectares in India, yielding around 5304.28
thousand metric tonnes (2). While Mexico dominates global
papaya exports (3), the United States remains the largest
consumer of this fruit (1). Papaya cultivation is widespread
across India states such as Andhra Pradesh, Tamil Nadu, Assam,
Maharashtra, Bihar, Uttar Pradesh, Gujarat, Kerala, West Bengal,
Madhya Pradesh and Karnataka (4, 5). Gujarat leads in area and
production (18.04 thousand ha and 1050.21 thousand MT), while

Environmental conditions strongly influence sex
expression in papaya (10). Optimal growth occurs at 25-30 °C

Karnataka records in highest productivity (76.35 MT/ha) (2).
Papaya is rich in fibre, flavonoids, antioxidants, iron, thiamine,
vitamin C and vitamin A (6). It thrives in tropical climates with
temperature 21 °C-33 °C, annual rainfall around 1200 mm and an
altitude ranging from sea level to 1500 m (7). The crop adapts
well to diverse soils, including volcanic and calcareous types and
prefers a pH range of 6 to 6.5 (8).

during the day and 11-16 °C at night. Intrestingly, sex reversal
may occur under specific photothermal conditions; for
instance, male plants may transform into hermaphrodites
when exposed to 12 °C-night temperatures and shorter day
lengths.

Early identification of plant sex is crucial for efficient
field planting and cost saving. Molecular markers such as
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RAPD and SCAR have been effectively used for sex
determination at the seedling stage, reducing the chances of
false negatives and improving breeding efficiency (11).

Earlier, the formation of callus and graft union was
caused by the application of Plant Growth Regulators (PGR),
like Benzyl Amino Purine (BAP) and chemical Zinc Sulfate
(ZnS04), to the graft union during grafting, as well as by pre-
treating the root stock and scion (12). Zinc is a crucial
component that aids in the preservation and storage of
Indole-3-acetic acid (IAA) in large amounts, which in turn
causes the creation of xylem in the graft union after phloem
formation. Auxin plays a crucial regulatory role in the
development of plant grafts. Polar auxin transport (PAT)
regulates auxin distribution in plant tissues, including xylem
formation (13).

An effective graft union requires the advancement of
"de novo" generated meristematic regions between the scion
stick and the stock (14). For gynodioecious cultivars, bisexual
varieties that yield fruits with distinct forms, sizes and
flavours are favoured over round fruits from female plants
because they command higher prices in the market (15).
Globally, scientists are working on the possibility of
vegetative propagation of papaya for crop improvement.
Compared to other vegetative propagation methods, grafting
makes papaya more efficient and promising (16).
Traditionally, farmers follow the seedling method, raising the
seeds in polybags and taking them to the field for production.
Commercially, farmers do not practice asexual propagation in
papayas. Despite its potential, vegetative propagation
particularly grafting has not been widely adopted in
commercial papaya cultivation. This review compiles current
advancement in grafting methods, mechanisms and
molecular insights, providing a foundation for researchers,
breeders and growers to explore innovative approaches for
sustainable papaya production.

History of papaya grafting

Papaya is naturally dioecious, meaning male and female
flowers are produced on separate plants. However, growers
typically prefer hermaphrodite plants due to their higher yield
and superior fruit quality. Traditionally, when seedlings begin
to flower, growers identify and retain a hermaphrodite plant
while removing the others from each planting hole (17).
Although commonly practiced, this seed-based method
presents several challenges. To overcome such limitations,
alternative propagation techniques-such as grafting, cuttings
and in vitro culture-have been introduced (17). Among these,
grafting is particularly recognized as an effective method for
vegetative propagation of papaya (18). Early attempts at
grafting using mature papaya tissues were largely
unsuccessful, primarly due to excessive latex exudation at the
graft site, which interfered with successful union formation.
As a result, subsequent research shifted focus toward using
juvenile plant material, which showed higher graft
compatibility and success rate (4).

One of the earliest documented cases of papaya
grafting involved field grafting of female branches onto male
plants within the same dioecious variety (19). Further field
experiment was reported in cultivars such as ‘Coorg Honey
Dew’ and ‘Coimbatore 01’, demonstrating initial success in
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vegetative propagation through grafting (20). Nevertheless,
few studies have been conducted on papaya grafting (21) and
the tongue, approach and cleft grafting procedures are
widely acknowledged as the most suitable grafting
approaches (22). A number of variables, such as the grafting
technique employed, suitability, vigour, health of the plants
involved and post-grafting management, might affect the
quality of the grafts (23).

Tongue grafting is simple and requires only a micro-
environment with low relative humidity. Nonetheless, it
demands more floor space and labor compared to other
methods. Since the grafting point is close to the ground, it
allows easier soil penetration by the adventitious roots of the
scion, which in turn improves seedling survival rates. In this
method, scions and rootstocks should be of similar diameter.
The rootstock is sliced at an angle of 35 to 45 degrees through
the hypocotyl. By making a partial cut, the developing tip can
be left intact or removed using a grafting knife.

To overcome some limitations of traditional tongue
grafting, modified tongue grafting approaches have been
developed (24). For example, in the Apatzingan Valley, grafted
seedlings showed high success rates (80-90 %) using both
standard and modified tongue techniques. When seedlings
were raised in plastic bags, graft survival increased to 92.5 %,
indicating that environmental management post-grafting
plays a critical role (25).

Grafting becomes intriguing when stronger rusticity
traits are seen in rootstocks (26). Consequently, grafting
between other Caricaceae genera and species has also been
confirmed (27) and the grafts of Vasconcellea cauliflora and
Carica papaya, V. microcarpa and C. papaya and V. monoica
and C. papaya were compatible.

For tomato species splice grafting was effectively
habituated in Almeria, Spain and also productive for the
auto-graft of the ‘BH65’ papaya (28), where biodegradable
tweezers are used for the “scion” and “rootstock” junction,
speeding up the process and advancing the process
towards automation (29). Grafting of standard sized “Solo”
papaya variety scion onto “Dwarf Solo” rootstock, gave
effective in reducing the height of flowering and fruit
production on the stem, as well the vigour of the tree also
minimized, while vice versa on grafting with “Dwarf Solo”
scion onto the “Solo” rootstock (30). The timeline of
papaya grafting is shown in Fig. 1.

Need of papaya grafting

Grafting plays a vital role in enhancing the genetic uniformity,
robustness and resistance of plants to various environmental
stresses, including those caused by living and non-living
factors (31). Seed propagation, on the other hand, poses
limitations such as producing offspring that do not
consistently match the parent plant’s traits. Moreover, seeds
from open-pollinated flowers often lead to variations in
physical characteristics and disease susceptibility due to
genetic unpredictability (16). In species with separate male
and female plants, particularly in dioecious papaya varieties,
maintaining a proper sex ratio is crucial for economic yields.
To manage this, removing unwanted plants is necessary and
vegetative propagation offers a more reliable alternative to
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Fig. 1. Timeline of major grafting methods and advancements in papaya cultivation across different countries. This figure illustrates the
chronological evolution of grafting techniques-such as approach, cleft and side grafting-along with the corresponding cultivars and geographic
locations from 1969 to 2023. The timeline emphasizes the shift towards higher compatibility and success rates in grafting methods,
contributing to improved papaya production and regional adoption strategies.

traditional seed methods (32). Commercial propagation of
certain fruit crops remains difficult using seeds alone,
prompting the adoption of grafting and other asexual
techniques like layering and cutting. As a result, grafting is
widely favored for its consistency and efficiency. Specifically,
grafted papaya trees benefit from a compact growth form,
allowing them to produce fruit earlier and closer to the
ground, which increases their commercial value (26, 33).

Despite successive generations of inbreeding or sib-
mating, considerable variation still exists in yield and
phenotypic traits among plants of the same sex. This suggests
that even with controlled breeding efforts, complete uniformity
remains elusive. Moreover, progenies from such breeding
programs often exhibit a mix of sex types, further complicating
orchard management. These challenges underscore the
genetic complexity of papaya and the limitations of breeding
alone in achieving consistent performance (33). Due to its
greater yield and superior fruit quality, growers prefer to
cultivate hermaphrodite plants (17). However, a grower must
transplant three to four seedlings in each planting hole to boost
the likelihood of obtaining at least one hermaphrodite plant
per hole (18). When the seedlings begin to bloom, the grower
pulls the surviving plants from each planting hole, examines
the sex of the flowers and select one hermaphrodite plant.

Seed propagated papaya plants display a broad mix of
sex types-hermaphrodite, male and female-leading to
inconsistencies in fruit quality and marketability (15). Early
sex determination of papaya seedlings in nurseries is possible
by using molecular markers (34). Nonetheless, certain
disadvantages originating from the sexual origins of plants
still exist. For example, although seedlings have a juvenile
stage that delays their entry into production, their sexual
origin causes significant heterogeneity in the field, with some
productive specimens coexisting with others that, despite
equal management, do not yield the same amount of fruit as
nearby plants (35).

There are numerous problems associated with this
seed multiplication method (36). The most noticeable,
increase in price is related to the consumption of more
plantlets than ultimately required; however, there are extra
expenses associated with cultivating excess seedlings initially
and the detrimental impact of their competition on plant
growth.

The primary benefit of vegetative propagation
especially grafting, is the ability to produce crops for bisexual
and female plant population that have 100 % hermaphrodite
plants (bisexual). In dioecious cultivars, female plants are
propagated vegetatively with the help of certain male plants
that are required for pollination to be ensured (37).
Remarkably, 100 % of female plants that are developed
through asexual propagation are established and there is a
market for seedless papaya fruits. This also applies to other
dioecious cultivars.

Grafted papaya trees exhibit a longer commercial
lifespan, combined with dwarf growth habits and earlier
fruiting. In Malaysia, farmers practicing grafting in the cultivar
'Eksotika' reported better fruit quality and productivity,
leading to the removal of seed-propagated female plants (38).
Similarly, in Taiwan, grafted plantlets are preferred over those
produced via cuttings or micropropagation, due to their
stronger root systems and better field establishment (39).

Scion and rootstock production in papaya grafting

Auxin and cytokinin are the hormones that governs the apical
dominance in plants. The major antagonist to the auxin in the
apical dominance is the cytokinin. Till now, to induce the
lateral bud from the dormancy is the cytokinin (40). Generally,
in the young leaves and in the shoot apex the auxins are
involved (41), which is carried polarly and basipetally down
the stem by the active movement of the vascular tissue. There
are many proteins that handle the movement of auxin in
which the auxin efflux messengers like PIN-formed (PIN
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protein) and p-glycoprotein and the auxin influx mediator
such as Auxin Resistant 1 (42). The presence of auxin in the
plant's meristem zone causes apical dominance, which
prevents the production of lateral branches in papaya (43).
The ability of axillary buds to emerge from mature plants may
be diminished because lignification of the nodal zones of the
plant (44). Cytokinins promote cell division and play a critical
role in initiating lateral bud development. Following apical
bud removal (decapitation), lateral buds show increased
auxin production and reduced abscisic acid (ABA) levels,
facilitating outgrowth. The stem also synthesizes cytokinins,
which are transported to axillary buds to stimulate their
activation (40, 45). A clear pictorial representation for the
scion production is given in Fig. 2.

In papaya, the application of gibberellins and
cytokinins, when combined with apical segment cutting, has
been shown to promote the emergence of lateral shoots (46).
The rootstock, also referred to as the understock, forms the
root system of the grafted plant, while the scion becomes the
new shoot system. Scions are typically grafted onto selected
rootstocks that possess resistance to both biotic and abiotic
stressors. Selection of scions is usually based on traits related
toyield potential (14).

A major limitation in papaya grafting is the restricted
production of lateral shoots due to strong apical dominance in
certain genotypes (4). However, the use of hormones such as
benzyladenine (BA) and gibberellic acid (GA) can effectively
overcome this dominance, stimulating the formation of side
shoots. These hormones are particularly useful for generating
scions suitable for grafting. A detailed list of hormones involved
in scion production is presented in Table 1.

There is sturdy apical dominance, particularly in
papaya trees. To overcome this, a different combination of BA
and GA was used to promote the lateral shoots for grafting
purposes in papayas and they also founded that BA (500 mg)
and GA (1000 mg?) with the combination of lanolin paste
were applied to the matured part of the selected papaya
plants, which resulted in a higher number of axillary buds
(48). BA (500 mg?) and GA (100 mg?) spray solutions at an
interval of three times per week showed efficient lateral shoot
production. To produce high-quality scion materials, the
mother blocks were placed under an insect-proof net.

Other plant growth regulators such as indole-3-acetic
acid (IAA), indole-3-butyric acid (IBA), naphthaleneacetic acid
(NAA),  24-dichlorophenoxyacetic  acid  (2,4-D) and
parachlorophenoxyacetic acid (PCPA) have also been
incorporated into basal media to stimulate shoot growth.
Among these, auxin-based treatments have shown particularly
promising results for enhancing lateral shoot development
(52).

Rootstocks significantly influence the vigor, water
transport and compatibility of the scion (14). For instance,
one-month-old ‘Red Lady’ rootstocks performed well when
grafted in both summer and autumn seasons (53). Other
rootstocks such as ‘Viorica’ have shown high tolerance to
papaya die-back disease, particularly when paired with
susceptible scions like ‘Eksotika’. Rootstock of three-months-
old rootstock of CO2 papaya variety grafted with 9-1(D)
showed the best result. Intervarietal grafts, such as ‘CO8’
scion onto ‘CO8’ rootstock, also enhanced chlorophyll
content and soluble protein levels, indicating improved
physiological performance (54-59).

Apical bud is in
(active stage)

Lateral bud /

axillary bud

(Dormant or
inactive stage)

Fully Grown Papaya Tree ‘

Lateral bud /
axillary bud in
(active stage)

‘ Decapitated Tree

Fig. 2. A schematic representation on scion production in papaya.

Table 1. Different kind of hormones used for induction of lateral shoots

Plant age Shoot induction treatment Application interval Days to scion stage  Reference
) : e 3times/week & apical portion
8-month-old Defoliation+ GA3; 125 ppm + BA 125 ppm removed after 1% spray 35 days (47)
2-year-old BA 500 mg/l + GAs; 1000 mg/I 3times/week 5-6 weeks (48)
1-year-old De-topping + (500 ppm BAP + 100 ppm GA) PGR were sprayed just once 50-60 days (43)
. After 3 weeks 200ppm GAswere
5-6-month-old Spraying BA @ 100 ppm + GA; @ 250 ppm sprayed for all treatment 2 months (44)
Three sprays were given at
6-months-old GA; 250 mg/l + BA 250 mg/| weekly intervals 45 days (49)
- Spraying BA @ 500 mg/l + GAs @ 100 mg/! Three times at weekly intervals 30 days (50)
12-months-old Spraying BAP @ 500 mg/| + GA @ 500 mg/!| (51)
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Role of cytokinin and GA; in shoot production

Branching of lateral shoots is mainly ruled by auxins,
cytokinin and strigolactone (60). Cytokines are plant
hormones that are generated from adenine, which quickens
cell division and mitosis differentiation which are created at
the tip of the root and carried out through xylem vessels.
There are two types of cytokinin which are present and the
first one is kinetin, zeatin and 6-Benzylaminopurine (6-BAP)
which are examples of adenine developed in active cell
division parts of plants. The other type is the artificial
derivation of cytokinin, which is not produced by plants such
as tidiazuron (TDZ), difeniluera meanwhile 6-BAP
(Benzylaminopurine) plays a major role in the production of
buds compared to other types of cytokinins (61). Based on
physiological reasons, a growing apex produces a great
amount of auxin, which circulates downwards to the stem to
stop axillary bud growth and support apex expansion.
Branching occurs when the apical portion is removed, during
which the axillary buds are released and start to grow (62). In
peas, the growth of axillary buds occurs when strigolactone
biosynthesis decreases and cytokinin biosynthesis increases
(63). Cytokinin biosynthesis is inhibited by auxin. Katyayini
NU (60) minimal stem amount of auxin and strigolactones
may be required for cytokinin induced expansion of the active
axillary buds.

The major effect of gibberellins (GA’s) has been
identified, due to its shoot elongation property in larger plants,
the increase in leaf growth with a decrease in the root
development and the addition of adverse effects on shoot
growth in normal and in dwarf plants were identified in
gibberellins (64). Phytohormones like cytokinin and auxin have

important, although sometimes conflicting, roles during the
development of graft unions. It is well known that auxin builds
up near the graft interface, encouraging cell proliferation and
vascular differentiation-two processes necessary for effective
graft healing (68). On the other hand, cytokinin promotes callus
development and cell proliferation, especially in the rootstock
area. However, cytokinin production can be inhibited by high
auxin concentrations, indicating a carefully controlled
antagonistic interaction. However, when auxin triggers
cytokinin sensitivity in specific tissues, it can also have a
synergistic effect by promoting coordinated cell division and
tissue reconnection. For vascular reconnection and graft
establishment to be effective, these hormones’ balance and
spatial distribution are consequently essential.

Methods of grafting in papaya

Various grafting techniques have been employed globally to
propagate papaya, with varying levels of success and
compatibility. Among these, cleft grafting has emerged as the
most effective method, consistently demonstrating higher
success rates and compatibility compared to other
techniques. Although side grafting has also shown promising
results (24), cleft grafting is generally considered more
reliable for papaya propagation. Cleft grafting involves
cutting the scion into a wedge shape and the rootstock into a
cleft shape and inserting the wedge-shaped scion into the
cleft-shaped rootstock (16). The procedure for cleft grafting in
papaya is shown in Fig. 3. Cleft grafting showed 80 % success
in the papaya variety eksotika compared to all other grafting
methodologies and cleft grafting showed excellent
propagation with vegetative means (26). Cleft-grafted
eksotika plants are hermaphrodites that, produce fruits at

Fig. 3. A pictorial representation of Cleft grafting followed in papaya. (A) Selection of rootstock; (B) making a cut of stock (8-10 cm) from the
soil; (C) cleft-shaped cut in the stock; (D) desirable girth of scion should be cut into wedge shape; (E) wedge-shape scion inserted into the stock;
(F) wrapping of stock and scion with grafting tape; (G) grafted Papaya; (H) grafted Papaya covered with polythene cover to maintain humidity

for graft union (own image).
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lower heights and have a longer economic life cycle. The CO2
papaya variety grafted with the 9-1(D) papaya variety in the
vegetative propagation of cleft grafting showed a nearly 96 %
success rate in papaya grafting (58).

Apart from cleft grafting, there are other methods of
grafting such as side grafting, wedge grafting, modified
tongue approach grafting and in-vivo and in-vitro
micrografting. Using a heavy knife at an angle of 20 to 30
degrees, an oblique incision was made into the rootstock
branch for side grafting. The cut should be around 2.5 cm
deep. The scion was inserted after pulling back the top of the
stock branch and two or three buds were present on the scion
(65). Side grafting with the honey gold variety of papaya
showed an 81 % success rate after 105 days of grafting, but
the major disadvantage was that scion rot caused by bacteria
could not be prevented by the investigated biological
therapies (24).

Wedge grafting, also known as the "Saw-Kerf Graft,"
involves scions typically 10-13 cm in length and 10-13 mm in
diameter. The rootstock used has a similar diameter of 5-10
c¢m. The base of the scion is shaped into a wedge, which is
then inserted into a corresponding slit in the rootstock.
Proper alignment of the vascular cambium layers is critical. If
matched accurately, the wedge fits securely and supports
stable union formation (65).

Softwood grafting has outperformed both cleft and
side grafting in terms of success rate (44). Approach grafting,
although effective in the ‘Honey Gold’ variety (66), is labor-
intensive and time-consuming. Similarly, splice grafting has
been tested, but stem rot has often led to graft failure,
limiting its practical utility. Tongue grafting, when secured
with tape, achieved an 80 % success rate, comparable to cleft
grafting (25). Modifications of this method, such as raising
seedlings in polythene bags, increased graft success up to
92.5 %. Micrografting techniques have also been employed
for papaya, pushing the boundaries of vegetative
propagation and enabling precision in early-stage plant
development. A comparison of the success rates of various
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practices of grafting in papaya has shown in Fig. 4 in which
cleft grafting showed the highest percentage of successful
grafts compared with other grafting methods. Although
papaya grafting methods such as cleft and side grafting have
a high compatibility and success rate, questions have been
raised about their possible effects on genetic integrity over
the course of several generations. Since grafting is a non-
sexual propagation technique, it does not change the nuclear
genome of the scion or rootstock. Recent studies have
demonstrated that graft partners can share mobile genetic
elements (such as proteins and short RNAs) and epigenetic
changes, which may have an impact on gene expression in
later vegetative generations (101). These modifications may
impact characteristics like fruit yield, stress response, or
disease resistance even if they are not actual mutations.
Therefore, to guarantee the stability and uniformity of desired
features in commercial production, grafted papaya lines must
be monitored over an extended period of time.

Grafting mechanism

Successful grafting depends on the formation of a functional
union between the scion and rootstock. This involves several
key steps: adhesion of the graft partners, callus formation at
the wound site and subsequent development of vascular
connections (67, 68). Tissue compatibility between scion and
rootstock is critical for the establishment of a successful graft
union. Adhesion among the stock and scion, growth of callus
cells or the forming of callus bridges and vascular
differentiation over the graft interface are the primary steps in
the formation of a compatible graft union (65). The scion
cannot continue to grow effectively when vascular tissues are
connected between the scion and rootstock (69). The new
xylem and phloem gain vascular linkage again and it is a
necessary step for forming fresh shoots from scion buds (70).
The rigid graft grows exponentially at the beginning of the
graft without deviation and tissue attachment occurs quickly
(71). The success of grafting depends on the rootstock and
scion used to produce graft union. Tissue healing following
injury is accomplished via physiological, biochemical and
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Fig. 4. Methods of grafting and its success rate in papaya (Source: R Studio).
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molecular pathways that also form graft junctions (70). Five
steps are followed in the graft union process 1. Necrotic layer
development and alignment 2. Increased callus cell
formation during graft union 3. At the graft junction, the callus
bridge grows 4. Emergence of vascular cambia 5.
Regeneration of vascular tissue at the junction of the scion
and rootstock (14). Furthermore, the volume of cultivation
affects papaya grafting's commercial feasibility. Grafting may
not be widely adopted by small-scale farmers due to its time
and effort required, unless there is adequate technical
assistance and training for this process. Grafting, on the other
hand, could be more practical for large-scale farmers since
they have greater access to infrastructure, expert labour and
resources. Therefore, even though grafting has several
agronomic advantages, its use at all farming sizes is
contingent upon logistical and financial factors.

Plant hormones involved in graft formation

Plant hormones, also referred to as phytohormones, are
secreted by plants. These phytohormones are present in
plants at minimal concentrations and exist in the form of
chemical compounds such as auxins, cytokinins, gibberellins,
abscisic acid and gaseous compounds like ethylene. In recent
studies, researchers have utilized grafting techniques to
demonstrate the transportation of molecules over long
distances, including phytohormones, proteins and RNAs (72).
Initially, grafting stimulates cells at the incision site to release
pectins, facilitating the adhesion of the scion and stock (68).
Subsequently, the connection of vascular cambium
represents a critical step in the formation of the graft union
(14). Phytohormones govern all aspects of the growth of the
plant and control their reactions to both living and non-living
environmental factors.

Auxin plays a critical role in promoting graft union
compatibility. Cell division in proximity to vascular tissues is
essential for the formation of callus tissue and the
cellularization of graft unions (73). Low concentrations of
auxin induce callus differentiation into phloem in several
plant species, whereas high concentrations promote both
phloem and xylem development. PIN proteins facilitate auxin
transport to wound sites, which subsequently induces
vascular tissue regeneration in Arabidopsis stems and pea
epicotyl (74) . Auxins demonstrate a crucial role in citrus graft
compatibility. =~ Compatible =~ combinations  exhibited
upregulation of nine auxin pathway genes and
downregulation of three, in comparison to incompatible
combinations (75). Along with gibberellin and cytokinin, auxin
stimulates cell differentiation and triggers the emergence of
the vascular connection and reconnecting of the graft
junction which preserves the symmetry of auxin (14).
Following grafting, nine differentially expressed genes (DEGs),
categorized as TAA, YUC, Aux/IAA, auxin-responsive protein
IAA and auxin-induced protein involved in IAA signal
transduction or IAA biosynthesis pathways, were initially
upregulated in a compatible combination (76).

Ethylene promotes cell growth, callus development
and proliferation in the wound response during the formation
of the graft interface and plays a role in the activity of auxin
during grafting (73). AVG, an inhibitor of ethylene production,
decreased scion development in WT/iaaM grafts three weeks

after grafting. Abiotic stresses are linked to ethylene. For
example, injury causes ethylene to be produced around the
wound site (77).

During the wound-healing process, cytokinins can
cause the graft union's callus to proliferate (78). Zeatin
riboside levels increased 15 and 30 days after grafting in cells
of the Caryaiillinoinensis graft union during examination (79) .
Exogenous cytokinin treatment, such as benzyl adenine or
kinetin, has been shown to promote graft union formation
and greatly boost callus production in grapevines (80).

Gibberellin also plays a notable role in graft union
formation. Plant vascular development is primarily regulated
by GAs, which can influence xylem fibre differentiation,
cambium activity, xylem expansion and secondary plant
growth (81). Spraying GAs at 10 ppm immediately after
grafting and again 21 days later improved grafting success
(56.05 %) and shoot development in the Mallika mango
cultivar (82). Additionally, GAs can stimulate and accelerate
wood production through their signalling pathways. The
concentration of gibberellins (GAs) increases at the site of
graft union and the gene GA200X, which is involved in GA
biosynthesis, exhibits elevated expression in this region.
Gibberellins and auxin function synergistically to facilitate
tissue emergence through cellular proliferation (68, 78).

ABA’s role in graft union formation has not been
widely studied. The effects of ZR and IAA are counterbalanced
by ABA, promoting differentiation and suppressing excessive
cell division, which may be due to reduced ABA production or
signal transduction (70). Among other phytohormones, these
five play a major role in graft union formation. Other
phytohormones like jasminoides and brassinosteroids have
not been identified as involved in graft union formation.

Molecular aspects in graft union

Recent molecular studies in grafting biology have focused on
understanding the long-distance transport of signaling
molecules, especially RNAs and proteins, across the graft
junction (14, 83). Short-distance DNA transfer in cells, close to
the ends of the rootstock and scion during grafting has
significant effects on scion growth and performance,
including grafting success (84). Mobile mRNAs, small RNAs
and proteins travel bidirectionally across the graft site,
affecting chromatin remodeling and transcriptional activity
(86, 90). For example, small RNAs have been shown to move
from rootstock to scion and vice versa, reprogramming gene
expression patterns and facilitating graft success as
represented in Fig. 5 (70, 90).

Additionally, cell wall-associated molecules such as
pectins, extensins, hemicellulose and arabinogalactan
proteins are released during the early stages of graft union
formation (86, 87). These aid in cell adhesion and stimulate
callus development. Gene expression studies in model plants
such as Arabidopsis have revealed the upregulation of graft-
responsive genes like ERF114, ERF115, DOFs and ANACO071,
which are associated with vascular tissue differentiation and
wound healing (89). Proteins such as cyclophilin SICyp1 have
been observed to migrate from scion to rootstock, amplifying
auxin responses and promoting root growth (87).
Differentially expressed proteins (DEPs), including aquaporins
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Fig. 5. An illustrative representative of exchanging signals between the graft interface (14).

like PIP1B, play roles in enhancing water transport and
promoting callus integrity (93). Enhancer of Visual and
Grafting 1 (EVG1), in coordination with receptor-like protein
RLP44, has been linked to xylem differentiation and graft
success (94). Recent findings also suggest horizontal gene
transfer (HGT) and DNA movement across the graft union via
plasmodesmata and the vascular cambium (87, 91). This suite
of molecular and cellular signals collectively ensures
functional integration between graft partners. In addition to
providing insight on graft compatibility, an understanding of
the molecular transport of proteins and RNAs provides new
opportunities for the deliberate selection of improved
rootstock-scion pairings. For example, it has been
demonstrated that mobile mRNAs and short RNAs that travel
across the graft union affect characteristics including the
scion's resilience to illness, ability to withstand stress and
growth vigour (95). The compatibility potential and
physiological synergy between particular genotypes can also
be communicated to breeders by protein signalling
molecules involved in vascular differentiation or hormone
responses. Now that transcriptome and proteomic studies
are combined, researchers may find and filter the best graft
partners to guarantee long-term performance, especially in
high-density orchards or under abiotic stress (96). Therefore,
molecular markers made from mobile proteins and RNAs are
becoming useful instruments in contemporary grafting
techniques.

Constraints in papaya grafting

The primary difficulty faced after grafting is bacterial rot in the
scion, which occurs frequently (24). Silicon has emerged as a
potential management tool due to its antimicrobial
properties and role in plant defense. Present in the soil as
monosilicic acid (HsSiO4) at concentrations of 0.1-0.6 mM,
silicon is absorbed by plant roots and strengthens cell walls,
reducing pathogen entry (97, 98). A favourable link has been
discovered between silicon and decreased severity of
bacterial infections in both monocot and dicot host plants
(99). The application of silicon fertilizers, both in solid and
liquid forms, enhanced plant resistance to various bacterial
pathogens. Solid calcium silicate (CaSiOs) fertilizers are
incorporated into the soil (100). Liquid potassium silicate
(K5Si0s) or sodium silicates (Na,SiOs) are applied as a soil
drench or as a foliar spray. Sakr N (97) elicitors are known as
biocompatible molecules and biological agents in
combination with silicon can exhibit significant resistance
against bacterial pathogens. For instance, the negative yeasts
Rhodotorula aurantiaca, R. glutinis and Pichia anomala lessen
the intensity of bacterial blotch (Acidovorax citrulli) on melon
(101), while chitosan and the rhizobacteria strain Bacillus
pumilis (102) lessen the extent of bacterial wilt (Ralstonia
solanacearum) on tomatoes. Silicon is used for better effect
to control the bacterial rot in the plants. The success of
papaya grafting is restricted by a number of factors in
addition to bacterial infections. A major problem is graft
incompatibility, which frequently leads to poor graft unions
or delayed graft failure, especially when mixing genetically
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dissimilar scions and rootstocks (103). It has been shown that
environmental stressors such high temperatures, low
humidity and water stress have a detrimental effect on the
graft healing process and lower success rates (65).
Furthermore, because grafting requires specialised labour,
regulated settings and extra inputs like grafting equipment
and materials, its economic viability is an issue, particularly
for smallholder farmers. These restrictions make it difficult for
grafting techniques to be widely used in papaya farming, both
on alocal and big scale.

Conclusion and future prospects

Vegetative propagation, especially through grafting, holds
transformative potential for improving papaya cultivation.
Grafting enables the production of true-to-type plants, reduces
variability and eliminates the challenge of managing male and
female plants in dioecious cultivars. Additional benefits include
reduced plant height, early fruiting and extended economic
lifespan, all of which enhance productivity and facilitate orchard
management field trials across various countries have shown
high grafting success rates in papaya, affirming its feasibility.
However, its adoption must be supported through standardized
protocols, nursery-level training and research on compatible
rootstock-scion combinations. In the future, papaya grafting
could serve as a reliable solution to major cultivation challenges-
offering  uniformity, improved disease resistance and
adaptability to climate variability. Therefore, the wider adoption
and commercialization of grafting practices should be prioritized
to ensure sustainable and profitable papaya production system.
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