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Abstract

Grafting is a technique that involves attaching a rootstock to the aerial part of

another genotype or species (scion), leading to improved crop performance and sus-

tainable growth. The ability to tolerate abiotic stresses depends on cell membrane

stability, a reduction in electrolyte leakage, and the species of scion and rootstock

chosen. This external mechanism, grafting, serves as a beneficial tool in influencing

crop performance by combining nutrient uptake and translocation to shoots, promot-

ing sustainable plant growth, and enhancing the potential yield of both fruit and veg-

etable crops. Grafting helps to enhance crop production and improve the capacity of

plants to utilize water when undergoing abiotic stress, particularly in genotypes that

produce high yields upon rootstocks that are capable of decreasing the impact of

drought stress on the shoot. The rootstock plays a pivotal role in establishing a

grafted plant by forming a union between the graft and the rootstock. This process is

characterized by its integrative, reciprocal nature, enabling plants to tolerate abiotic

stress conditions. Grafting has been shown to alleviate the overproduction of lipid

peroxidation and reactive oxygen species in the leaves and roots and enhance

drought tolerance in plants by maintaining antioxidant enzyme activities and stress-

responsive gene expression. Phytohormones, such as cytokinin, auxin, and gibberel-

lin, play a critical role in maintaining rootstock-scion interactions. This review unveils

the role of grafting in mitigating various environmental stressors, establishment of a

robust graft junction, physiology of rootstock-scion communication, the mechanism

underlying rootstock influence, hormonal regulations and the utilization of agri-bots

in perfect healing and further cultivation of vegetable crops through grafting.
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1 | INTRODUCTION

Over the past 5 years, the cultivable area and crop production of veg-

etables in India have increased drastically by 11.23% and 10.57%

respectively, (Agricultural statistics at a glance, 2022). However, there

is instability in production at national level (Bhuyan & Kotoky, 2023).

Vegetable crops are extremely susceptible to climatic fluctuations. A

shift in the solar cycle is the primary cause of crop failure or complete

loss. The varieties of many agricultural products with higher yields

have been developed or are now under development. Some cultivars,

meanwhile, are unable to deliver this potential in fields despite having

high yield values under controlled conditions (Dhar et al., 2023). It is

of the utmost significance to raise the yield in addition to the produc-

tion of high-quality vegetables so that demand can be fulfilled at both

the level of production and the level of consumption. Increasing the

production of quality products also increases the yield (Ngoune

Liliane & Shelton Charles, 2020). However, significant diseases and

infestation of insect pests, coupled with the challenges posed by the

climate and the soil, are the most common factors that limit the yield

and productivity of vegetable crops (Dhar et al., 2023; Kumar, 2023).

Plants must sense, classify, and transmit various stress signals before

activating downstream reactions and allocating resources. To address

the great challenge of climate change, the response to various stress

exposures must be researched (Tanaka et al., 2023). Drought, salinity,

and extreme temperatures are the primary environmental factors lim-

iting the sustainable production of agricultural and horticultural com-

modities. Heat stress refers to an increase in temperature that

exceeds the threshold level for a period of time, causing harm to plant

growth and development. Heat stress causes interference with the

establishment of seedlings (Hu et al., 2020; Jyothsna, 2022; Zhao,

Zhang, et al., 2020). The plant experiences desiccation, burning, and

hindrance in growth due to disruptions in various physiological activi-

ties such as pollen formation, photosynthesis, total biomass, spikelet

sterility, and disrupted maturation and quality of grains and fruits

(Jyothsna, 2022; Zhao, Zhang, et al. 2020). Temperature changes can

have a substantial effect on plant physiology because each species

has an optimal temperature for growth. For example, Perdomo et al.

(2017) reported that the activity of Rubisco (the central enzyme in

photosynthesis) and its substrate, ribulose-1,5-bisphosphate (RuBP),

decreased at high temperatures, resulting in a significant decrease in

yield. Besides, temperature changes play an important role in plant

physiological activities, from germination to reproduction, (Hu

et al., 2020; Jyothsna, 2022; Zhao, Lu, et al. 2020).

Drought stress is a multi-dimensional abiotic stress that modifies

the morphological, physiological, biochemical, and molecular charac-

teristic of a crop (Kaur & Asthir, 2017). Moreover over, reduced seed

germination, seedling development, poor vegetative and reproductive

growth, decreased plant height and leaf area, and significant reduc-

tions in leaf weight, photosynthesis, stomatal conductance, and total

dry matter are the essential effects of drought stress on vegetable

crops (Salehi-Lisar & Bakhshayeshan-Agdam, 2016). Inhibition of

shoot growth during drought reduces the plant’s metabolic demands

and mobilizes metabolites for the synthesis of protective compounds

necessary for osmotic adjustment (Salehi-Lisar & Bakhshayeshan-

Agdam, 2016; Tanaka et al., 2023).

Grafting, a vegetative propagation process, joins rootstock and

scion from two plants of the same or different species (Bayoumi

et al., 2022). Rootstock is the underground plant component that

becomes the root system, whereas scion is the aboveground part

that becomes the shoot system of the scion plant (Dhar et al., 2023).

The agricultural practice of grafting, which involves attaching modern

vegetable cultivars onto stress-resistant rootstocks in order to

increase the plants’ adaptability or resistance to a variety of environ-

mental stresses, has recently gained in favor (Majhi et al., 2023). The

method has mostly been used in two significant vegetable families,

namely, Cucurbitaceae and Solanaceae (Dhar et al., 2023). Several

improved characteristics of grafted crops have been linked to graft-

ing’s capability to enhance vegetable crop resistance to both abiotic

and biotic stresses, involving (a) improved water relations;

(b) boosted nutrient and water absorption; (c) stronger root system;

(d) photosynthetic efficiency; (e) transmission of short RNAs, mRNAs,

and proteins over long distances; (f) additional hormonal signaling;

and (g) raised antioxidant security (Kumar, 2023). Grafting combines

the benefits of “resistant plant material” with increased vigor from

rootstocks. Grafting may help plants tolerate abiotic stresses includ-

ing drought and low root-zone temperatures (Keatinge et al., 2014).

Rootstock characteristics determine the efficacy of grafting under

stressful conditions. They also help to reduce fungal problems in the

soil and the need for agrochemicals, they also make plants more resis-

tant to abiotic stresses (Luna-Garcia et al., 2023). Rootstocks can also

enhance scion tolerance via long-distance communication signals,

including Ca2+ signals, plant hormones, reactive oxygen species (ROS),

peptides, RNA, water, and nutrients (Wang et al., 2023). Therefore,

the efficacy of grafted plants depends on the compatibility of the

scion and rootstock (Coşkun, 2023). It was reported by Dhar et al.

(2023) that rootstocks play a vital role in developing tolerance to envi-

ronmental stress and improve quality, vigor and ultimate yield of the

crop. For instances of low compatibility, in addition to the decline in

quality and production of the resultant product, fatalities in plant

organisms may occur. The success of grafting is influenced by various

factors, including the suitable pairing of rootstock and scion, as well as

the shared anatomical, physiological, and genetic traits between them.

Additionally, the environmental conditions and the specific growth

environment of the plant also play a role in determining compatibility.

The presence of incompatibility results in a decline in the quality char-

acteristics of the fruit, particularly its internal values such as sugar and

fructose content, while the size of the fruit remains unaffected

(Adigüzel et al., 2022; Pradeepkumara et al., 2022).

Despite the vast amount of research conducted on vegetables

over the past several decades, there are still voids in our understand-

ing of the responses of vegetables to abiotic stress as well as compati-

bility of grafts (Khalid et al., 2023). Modern genomics (mass

spectrometry, genome-wide association studies, gene editing, geno-

mic selection, and transgenic breeding), proteomics, transcriptomics,

and the use of next-generation sequencing provide an array of novel,

potent approaches for examining vegetable crops (Mangal
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et al., 2023). When grafted plants are employed as a method to

improve abiotic stress tolerance, two primary issues still persist. The

first step is to choose the appropriate blend of rootstock and scion so

that it can withstand the real or anticipated abiotic stress factors. The

second step is to extend the abiotic stress tolerance (robustness) of

vegetable crops by improving our understanding of the underlying tol-

erance processes. This may help the breeding of rootstocks that

broaden this tolerance (Rouphael et al., 2017). Traditional varieties

exhibit susceptibility to various stressors in several places. Hence, tak-

ing into account the intricate nature of genetics and the influence of

environmental factors, employing a more comprehensive and interdis-

ciplinary approach presents a superior technique for enhancing stress

tolerance in contemporary agricultural crops (Chaudhary et al., 2019).

Biotechnological methodologies like plant genetic modification,

genome editing technology, and large-scale gene expression analysis

have expanded the understanding of plant stress response molecular

regulatory networks. These methods confirm the efficacy of drought

responsive genes and produce drought-resistant cultivars, as noted by

Taheri et al. (2022) and Roychowdhury et al. (2023).

Moreover, grafting requires skill and precision to ensure a suc-

cessful outcome; it has varied success rates. The limited availability of

grafting tools is another major disadvantage (Dhar et al., 2023). To

overcome these problems, it is essential to select compatible plant

materials, follow proper grafting techniques, maintain ideal environ-

mental conditions, and implement appropriate aftercare practices. The

implementation of mechanized grafting was initiated with the objec-

tive of mitigating the potential occurrence of graft union failure (Dhar

et al., 2023). The utilization of an automated grafting robot has dem-

onstrated significant enhancements in both the efficiency and survival

rate of grafted seedlings. This technological advancement has consid-

erable importance in meeting the requirements for the commercializa-

tion and widespread adoption of vegetable cultivation practices

(Pradeepkumara et al., 2022; Yan et al., 2022). In India, a grafting

robot has been created as part of the NAHEP-CAAST-DFSRDA-

VNMKV initiative, namely, within the Agri-bot division located in

Parbhani. The robotic system is capable of doing various tasks like as

clipping, moving, positioning, cutting, binding, and wrapping the root-

stock and scion together. The success rate of grafting performed by

the robot is 87.3%, whereas the success rate of binding achieved is

68.9%. The process has the capacity to successfully graft between

700 and 800 rootstocks during a single hour (Dhar et al., 2023).

Therefore, research gaps and constraints like abiotic stress, grafting

practices to use for abiotic stress tolerance, and compatibility of graft

junctions and the robots used for grafting were taken into consider-

ation for this review. The review highlights the most recent findings

on the role of grafting in alleviating important abiotic stresses, the

mechanism behind graft union formation, crop response, and healing

to these stresses the potential approaches to maximizing graft com-

patibility and investigating the metabolite transferred during scion-

rootstock interaction and robotics used for grafting. Additionally,

glance at physiological and omics-based strategies for increasing vege-

table resilience under abiotic stress conditions using grafting practice

and graft mechanization is summarized in this review.

2 | GRAFT COMPATIBILITY AND
INCOMPATIBILITY: CHALLENGES AND
EXCEPTIONS

Grafting is a primitive asexual propagation technique through which

two separate plants can be attached and developed into one. Graft

compatibility depends on the specific family or families being uti-

lized for grafting, as well as on the varieties, grafting tools

used (Goldschmidt, 2014; Pina et al., 2017). For monocot plants, graft-

ing is difficult because of their vascular bundle structural orientation,

whereas in dicot plant species, it can be easier due to vascular bundle

arrangements (Santa-Cruz et al., 2002). The survival of the grafted

plant also depends on the nature and structure of vascular bundles

(Goldschmidt, 2014; Lee et al., 2010). For proper graft structure for-

mation, both rootstock and scion must have a compatible nature

towards each other (Moore, 1984); hence, compatibility plays a major

role in attaining a good graft junction (Melnyk et al., 2015). Trinchera

et al. (2013) reported that for graft junction, a graft bridge between

cambium structures from both rootstock and scion further develops

to callus proliferation, and by the end of a marginal gap of grafting,

there is differentiation between tissues among scion and rootstock.

Initial graft union formation does not prove long term compatibility

(Goldschmidt, 2014); for example, in Cucurbitaceae, it was observed

that the successful graft junction failed after a month of grafting

(Aloni et al., 2008; Edelstein et al., 2004). Incompatibility despite

not being quantitative trait, it can be differentiated using specific

morphological characters such as mortality of the stock, scion, or

both (Goldschmidt, 2014). According to Moore (1984), enough evi-

dence of a specific biochemical mechanism for graft compatibility/

incompatibility is not documented. However, there are two kinds of

graft incompatibility reported: (1) translocated and (2) localized

(Zarrouk et al., 2010). Translocated incompatibility includes symp-

toms that can be found in the early stage of development, which

include scion and rootstock growth termination at an early stage,

reduction of carbohydrate translocation at graft union, shrinking of

leaves, and leaf chlorosis leading to early dropping of leaves. In

localized incompatibility, malformation at the union due to physiol-

ogy and morphological variations takes place, which results in weak-

ened graft union development at the junction (Errea, 1998).

Grafting is a practice where several combinations between root-

stock and scion can be made such as by selecting rootstocks those

are resistant towards abiotic stresses and selecting scions that have

capability to provide more number of flowers and fruits. Similarly,

one species can be taken as a rootstock and another species as a

scion. However, graft combinations are not explored due to various

compatibility barriers that includes (i) the genetic changes of adja-

cent cells of the graft junction (Hartmann, 2014; Tsaballa

et al., 2021; Wulf et al., 2020); (ii) anatomical or physiological diffi-

culties between scion and rootstock, position of vascular bundles

(Melnyk, 2017; Melnyk & Meyerowitz, 2015); (iii) inadequate cell–

cell recognition (Pina et al., 2012); (iv) the triggering of stress

response at graft junction (Aloni et al., 2008; Baron et al., 2019;

Irisarri et al., 2015; Pina et al., 2012); and (v) toxic compound
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transference (Goldschmidt, 2014; Moore, 1982). Therefore, exploring

several combinations of graft unions such as species-species, homo-

grafts, hetero-grafts, resilient rootstock, and resilient scion will

bridge the gap for graft compatibility.

Precisely in horticulture, homo-grafts mean that both the root-

stock and scion belong to the same species, which is considered to be

always compatible in nature. In hetero-grafts, rootstock and scion

belong to different species (Yeoman & Brown, 1976). In autograft,

both rootstock and scion belongs to same plant and the same species

(Wang, 2011); there is intraspecific graft where both genus and spe-

cies are same and inter-specific graft where both scion and rootstock

genus are same but species are different and are almost sa web

compatible in nature (Mudge et al., 2009). Research by Schöning and

Kollmann (1997) and Flaishman et al. (2008) confirmed that due to

long-distance genetic and physiological rejection, the heterograft

incompatibility increases. However, incompatibility may occur in a

rather unpredictable way even between closely connected genera

within the same family. In comparison to compatible tomato homo-

graft, reciprocal grafts of tomato (Solanum lycopersicum L.) and pepper

were considered severely incompatible within the Solanaceae,

whereas tomato and eggplant (Solanum melongena L.) were only mod-

erately so (Kawaguchi et al., 2008). In recent times, a new concept has

been introduced called as “ultra-compatibility” (UC) , where the graft

plant is considered as superior quality. In UC, the genetic exchange

such as transfer of DNA and RNA will be easy and highly compatible

between rootstock and scion such as exchange. The grafted plant spe-

cies is considered to be beneficial in terms of genetic exchange and

expression (Nesbitt & Gartler, 1971). Genes with non-autonomous

functions impact cellular phenotypes outside of the cellular context of

expression, suggesting the presence of an unstable signal, and genes

with autonomous functions directly affect the phenotype of the cells

in which they are expressed. Similar to this, non-autonomous UC

traits are transferred across the graft junction and affect the reciprocal

organ system, while autonomous UC traits are restricted to the tissues

in which they emerge (Brandon et al., 2021). Grafting top scion culti-

vars onto wild rootstocks results in a dual plant system with better

stress tolerance in the rootstock and superior fruit traits in the scion.

For example various studies on grafting has proved, enhanced salinity

tolerance (Asins et al., 2015; Di Gioia et al., 2013; Singh, Kumar et al.,

2020), resistance to drought tolerance (Kumar et al., 2017; Liu

et al., 2014; López-Serrano et al., 2019; Sánchez-Rodríguez

et al., 2012; Yao et al., 2016) and withstand flooding (Peng

et al., 2020). Besides abiotic stress, it also alleviates biotic stress,

which includes soil-borne diseases caused by multiple pathogens

(Louws et al., 2010) like bacterial wilt in tomato plants. Many of the

autonomous traits are directly linked to rootstock, which may have

advanced root architecture for having adaptiveness to both biotic and

abiotic conditions (Williams et al., 2021). Moreover, rootstocks are

directly in contact with soil microbiota (Liu et al., 2018; Marasco

et al., 2018; Poudel et al., 2019) thus helps the grafted plant disease

resistant and for better ion uptake based on the genotypes used for

grafting (Baxter & Dilkes, 2012; Guan et al., 2012). The extent to

which beneficial independent traits can be adapted across diverse

grafted species is largely determined by whether these abiotic and

biotic stress tolerance mechanisms are conserved across species

(Williams et al., 2021).

On the other hand, non-autonomous traits are more difficult to

monitor mechanistically because they suggest the possible existence

of an underlying mobile signal at the graft junction, which involves the

exchange of signals from gene active during the process of grafting.

Also, similar to heterotic connections in hybrid breeding, specific

genotypic rootstock-scion combinations frequently interact synergisti-

cally to create UC non-autonomous traits (Birchler et al., 2010). In

addition to that, grafted genotypes are considered to be a single

because of transfer of genetic materials from rootstocks to scions or

vice versa (Williams et al., 2021).

The grafting techniques have been greatly improved over time,

however, the compatibility between scion and rootstock is still not

improved. The plants decide the graft compatibility based on their

physiology and morphological traits as described in Figure 1.

Rootstock-scion interactions have a complex and unclear role in fruit

crop growth, reproductive potential recognition, fruit set, yield effi-

ciency, and quality traits (Adıgüzel et al., 2023). Future rootstock

selection and application could benefit from a better understanding of

the interactions between rootstocks and scions.

The complexity of graft union compatibility is still unclear, as the

finding takes several years for woody fruit crops, which ensure

the aligned development of tissues in the scion and rootstock regions.

Besides, it is also unclear for grafting what kind of genotypes can be

considered for successful grafting. It is also unclear what lighting con-

ditions, humidity, and so forth can be adapted for successful grafts.

3 | ROLE OF GRAFTING IN ABIOTIC
STRESS TOLERANCE

Grafting works as a propitious tool (ancient time practice) that helps

in controlling the crop improvement in performance of combining the

nutrient uptake and translocation to shoot, sustainable plant growth

and potential yield production of both vegetable and fruit crops

(Rasool et al., 2020). As grafting is often known to be an integrative

reciprocal and a highly promising process, which gives the capability

to the plant to tolerate the abiotic stress conditions by making a graft

junction having the rootstock genotype (tolerant); this helps the plants

overcome or reduce the adverse effects of abiotic stresses (Rouphael

et al., 2017; Yang et al., 2023).

Grafting has been used as a tool to decrease or avoid the loss in

yield production, which is due to the effect of severe environmental

conditions or abiotic stresses (such as salinity, heavy metals, drought,

high amounts of trace elements, cold, heat, soil pH, and flooding)

(Oyebamiji et al., 2024; Rouphael et al., 2017) in fruits and vegetable

crops. Rootstock has the capability to reduce the effect of external

stress on shoot region (Colla et al., 2013) and also enhance the robust-

ness and root growth (Gaion et al., 2018) without being dependent on

any mechanisms to tolerate an unfavorable abiotic stress condition

(Nordey et al., 2020). Grafted plants have shown an increase in

4 of 24 RAZI ET AL.



physiological, morphological (also, it can increase the leaf foliage), and

photosynthetic parameters under various abiotic stress conditions,

along with the decrease in cellular damage (Coşkun, 2023; Fullana-

Pericàs et al., 2020; Singh, Sethi et al. 2020).

Grafting has become an efficient way for mitigating abiotic stres-

ses such as drought, salinity, and temperature (Melnyk, 2017). It has

become an essential process for improving plant development

(Rouphael et al., 2018) and increasing the performance of plants under

the environmental stresses or abiotic stresses (Rivero et al., 2003;

Schwarz et al., 2010). Grafting has been in use (mostly in horticultural

crops) to alter the growth habits of scion part in the grafted plants by

changing its size, improving fruit quality and yield (Noor et al., 2019)

and maintaining the growth vigor (Lee et al., 2010; Melnyk, 2017);

also, it has the ability to alter the ionic accumulation in certain horti-

cultural crops (Nawaz et al., 2016).

3.1 | Grafting and drought stress

Water is a resource that is rapidly evolving to be economically insuffi-

cient in many regions of the world, mainly semi-arid and arid areas. It

has been noticed that there is a requirement of water to be used in

different areas such as industries and agriculture for the continued

irrigation in the production of commercial vegetables (Schwarz

et al., 2010). Grafting is a better technique in helping crops to perform

well under drought conditions, for high crop yield when tolerant to

drought is grafted with susuptible genotypes (Yang et al., 2023).

It has been estimated that the root system architecture (RSA),

root hydraulic conductivity, root-to-shoot ratio, and root biomass usu-

ally get reduced under drought stressed conditions (Yang et al., 2022).

These effects can be mitigated by using the drought-resistant geno-

type/seedlings of plants to perform grafting. There are several studies

conducted on grafting and drought stress, for example, cucumber

grafted with pumpkin (Ashok Kumar & Sanket, 2017). The scion

region of mini-watermelon was grafted onto the commercial rootstock

PS1313 (Cucurbita maxima Duchesne � Cucurbita moschata Duch-

esne); it showed an increase of 60% (marketable range) in yield (more

than 115% in total) under water stress conditions when compared to

non-grafted watermelon plants (Rouphael et al., 2018). Similarly, graft-

ing performed on kiwi-fruit (four species of Actinidia grafted with

Actinidia chinensis) has proven to be resistant towards water stress by

analyzing their hydraulic conductance (Clearwater et al., 2004). Simi-

larly, it has been observed that grafting the sensitive okra genotypes

onto the tolerant genotypes (Coşkun, 2023) helped in mitigating the

adverse effects of drought stress with an improvement in physio-

chemical parameters and reduction in ROS (Razi & Muneer, 2021).

The plants such as polyploid mulberry (Morus alba L.) (Hui et al., 2024)

and young European pear (Pyrus communis L.) (Asayesh et al., 2023)

were grown under drought stress, and grafting process was performed

to develop the tolerance towards the drought stress.

The plants under drought stress produce different forms of ROS

mainly hydrogen peroxide, which has the ability to damage various

cellular components by the production of lipid peroxidation

(LPO), membrane destruction, and protein damage (Das &

Roychoudhury, 2014). Grafting has played an important role in allevi-

ating the over production of LPO in several crops under drought

stress such as in grapevines (Tandonnet et al., 2010) and tobacco

(Kumar et al., 2017). In woody crops such as kiwi, it has been found

that the variation in phenology such as hydraulic conductance and

photosynthesis between the rootstock and scion combinations

appears to be in control for the effect of rootstock on shoot growth

(Clearwater et al., 2007). A tolerance towards abiotic stresses

depends upon the cell membrane stability, reduction in electrolyte

leakage, and the species of scion and rootstock chosen for the study

F I GU R E 1 Schematic representation of graft compatibilities and changes in the physiology of grafted crops; compatible, ultra-compatible,
and incompatible. The figure explains graft compatibility, incompatibility, and ultra-compatibility among hetero and homo-grafts. Arrows indicated
with an upward green color indicate an increase in several metabolic activities such as cell-to cell recognition, stress response, cambium
formation, root architecture, tissue recognition, and phenotypic expression (positive increase). Red arrows with downward direction indicates
negative changes such as decrease in cell-to cell recognition, and toxic compound transferase (negative decrease). Similarly, red arrows with
upward direction indicates increase in genetic distance, physiological difficulties, and stress triggering response (negative changes).
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(Ranjbar & Imani, 2022). From previous studies (Serra et al., 2014;

Soar et al., 2006), it is known that in heterografted grapevines mini-

mized the effect of drought stress by maintaining the transpiration of

plant via chemical signaling (Serra et al., 2014; Soar et al., 2006;

Stoll, 2000) proving heterografted crops have greater tolerance

towards abiotic stressors. Also, in another study (Liu et al., 2014), it

has been found that grafting the tolerant rootstock genotypes helps

the plants in enhancing the drought tolerance trait in tobacco. Fur-

thermore, it has been observed that the resistance mechanism

towards drought stress is through rootstock and scion interaction in

almonds (Ranjbar & Imani, 2022).

It was also found that grafting the rapeseed (Brassica rapa subsp.

Rapa) scion onto the turnip (B. rapa subsp. Oleifera) rootstock

increases the rapeseed tolerance towards drought stress, as turnip has

been noticed to be drought tolerant when compared to rapeseed. In

another study, drought stress led to the changes in epigenetic modifi-

cation on stress marker gene (proline)-P5CS1-2 (gene-homologue of

P5CS1) and induced its transcript level during the drought stress (Luo

et al., 2020). In another study conducted on tomatoes, it was reported

that grafting improved drought tolerance by enhancing photosyn-

thetic capacity and also reduced the ROS accumulation (Zhang

et al., 2019).

3.2 | Grafting and salinity stress

Salinity is one of the major issues for the loss of crop productivity due

to sources of irrigation used and alkaline soils. Initially, conventional

breeding methods were used in order to improve the salt tolerance,

but it resulted in limited success as their salt tolerance characteristics

were genetically and physiologically complex in nature (Cuartero &

Fernández-Muñoz, 1998; Flowers, 2004). Grafting has been employed

due to its simplicity and affordability, mainly for the improvement of

salt tolerance capacity in tomato plants; that study had commercial

tomato “Jaguar,” which was grafted onto the tomato rootstocks such

as “Radja,” “Pera,” “Volgogradskij,” and also with a hybrid tomato

rootstock Volgogradskij � Pera under salt concentrations (0, 25,

50, 75 mM) (Colla et al., 2010; Estan et al., 2005). Tomato scion was

grafted onto the tobacco (solanaceous species) rootstock, which has

shown salt tolerance ability (Ruiz et al., 2006); thus, this combination

of tomato and tobacco was coined to be “tomacco” in a previous

study (Yasinok et al., 2009). Similarly, by grafting a salt sensitive

tomato like “moneymaker” along with tolerant rootstocks such as

“Pera” and “Radja” under 50 mM salt condition had the capability of

mitigating the harmful effect of salinity which resulted in an

increased fruit yield when compared to self-grafted tomato plants

(Martínez-Rodríguez et al., 2008; Santa-Cruz et al., 2002). “Pera” has

the potential to ameliorate the salt tolerance traits in plants when

being cultivated under saline conditions. There was a significant dif-

ference in plant growth especially in case of stem growth rate in

tomato plants under salt stress; “Charlotte” scion was grafted onto

the “Cyndia” rootstock, which resulted in an increased stem growth

rate and that remained dissimilar from the non-grafted tomato plants

(Balliu et al., 2007). It has been noticed that the rootstock of “uni-
fort” had an ability to reduce the transportation of Na+ and Cl� ions

to the aboveground level parts when the scion region of tomato

(cv. “Faridah”) was grafted onto the rootstock “unifort,” which

showed diminished effect of salinity stress when compared with

non-grafted tomato scion (Al-Harbi et al., 2017). A previous report

has shown a significant increase in yield up to 80% with grafted plant

when compared to self-grafted and non-grafted tomato plants under

salt stress conditions. It was also observed that there was significant

reduction in root dry mass in tomato plants under severe saline con-

ditions (100 and 150 mM); however, the level of reduction was less

in grafted when compared to non-grafted plants (He et al., 2009).

The major reason behind the salinity stress tolerance in the studies is

due to the root system and its root characteristics, which play a vital

role in soil related salinity stress; the root system has the capability

to alleviate the effect of salinity stress, especially on the growth of

shoot and in overall yield. The plants or crops after being grafted

obtain a capacity to develop the properties of salt tolerance with

respect to the decrease in the Na+ and Cl� ions into the shoot region

(Rouphael et al., 2017). Furthermore, it has been noticed by Colla

et al. (2010) that there has been an improvement in nutrient uptake

such as potassium and translocation to shoot in case of salt tolerant

grafting conditions, which further resulted in the decrease in nutrient

deficiencies and imbalances caused by salt stress. The exclusion of

Na+ and/or Cl� in grafted vegetables under saline conditions has

been linked with the reduced traits of the morphological root system,

especially total root length, total root surface, root diameter, and

number of root hairs and also their length (Colla et al., 2010).

Beside, tobacco plant roots have shown a better adaptive

response to saline conditions when compared to tomato plants;

the difference was well-identified with level of proline content and

the antioxidant enzymes such as APX and CAT (Sun et al., 2020). Simi-

larly, watermelon plant grafted on to their salt tolerant rootstocks has

shown an increase in the yield about 81% when it was grown under

the greenhouse conditions (Colla et al., 2010). In a previous study

(Goreta et al., 2008), it was noticed that there was an increase in

shoot weight and leaf area in spite of salinity stress when watermelon

(cv. fantasy) was grafted onto the strong-tosa rootstock (C. maxima

Duch � C. moschata Duch). The effect of grafting on the cucumber

plants grown under salinity stress has shown an increase in the taste,

flavor, and nutrient contents when compared to non-grafted cucum-

ber plants (Zhou et al., 2007). In another study which is reported on

grafted cucumber plants’ scion onto the fig-leaf gourd which showed

its capability to modulate the salt and water absorption and was avle

to successively translocate to the scion region of the plant (Zhen

et al., 2010).

3.3 | Grafting and thermal stress (heat and cold)

Thermal stress (heat/cold) is another abiotic stress that has effect on

plant productivity by changingthe plants’ metabolic activities. Several

methods have been deployed to practice in field to reduce the effects
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of thermal stress including grafting. The mechanism underlying graft-

ing and thermal stress mechanism are not known; however, few stud-

ies have been carried out. For example, grafting of cucurbits has taken

place with cucumber scion having Cucurbita ficifolia and Sicos angula-

tus L. in a previous study (Zhou et al., 2007), which has shown an

improvement in vegetative growth and yield against low temperature

stress condition. In another study (Shibuya et al., 2007), it is stated

that there was a tolerance towards low temperature stress under sub-

optimal temperature, when the cucumber scion was grafted onto the

squash rootstock (C. moschata Duch). The watermelon plant was used

as a scion to perform grafting with the inter-specific squash hybrid

(C. maxima � C. moschata); this has resulted in improvement of prop-

agating duration by cold period (Davis et al., 2008). The scion region

of tomato (S. lycopersicum) plant was grafted onto the rootstock of

Solanum habrochaites (hairy tomato), which has shown an effect of

higher yields even at 10–13�C (Okimura et al., 1986). In Khah et al.

(2006), the scion part tomato cv. Big Red was grafted onto the

tomato cv. Heman (S. lycopersicum L. � Solanum hirsutum [Vahl

Dunal]) and also with cv. Primavera (S. lycopersicum L.) where the

authors have noticed that there were higher fruits produced when

compared to the control group of plants. The brinjal scion was taken

to graft onto the whole-leaf rosin-wood rootstock region (Solanum

integrifolium � S. melongena), which has shown an increased yield

production at 18–21�C (Okimura et al., 1986).

In a previous report (Abdelmageed & Gruda, 2009), tomato was

taken as a scion part, which was grafted with rootstock of brinjal

where they have noticed an enhancement in vegetative growth at the

temperature of about 28�C, a decrease in number of total fruit, and a

reduction in dry weight. Brinjal scion was grafted along with heat tol-

erant rootstock (cv. nianmaoquie) where the prolonged period of

growth stage and increase in yield up to 10% was observed (Wang

et al., 2006). The highest yield was observed in the grafted plant

where chili was taken as scion region and Capsicum annuum

cv. Toom-1 and 9852-54 (AVRDC) (Palada & Wu, 2009). The scion

region of chili plant was grafted onto the rootstocks of sweet pepper,

which has shown a highest yield when grown under the high tempera-

ture stress (Palada & Wu, 2009).

3.4 | Grafting and heavy metal, metalloid and
nutrient stress

The usage of heavy metals such as mercury, lead, cadmium, and

arsenic has been observed in many crops, and sources are mainly

either from industries, waste water, or soil alteration (Alengebawy

et al., 2021). There are certain heavy metals like arsenic and mer-

cury, which are toxic even when it is used in the range of lower

concentrations (Alengebawy et al., 2021). Several studies on metal

toxicities in plants have been carried out, but very limited studies are

reported on grafting and toxic metals. In few studies, researchers

observed reduction in accumulation of copper in leaf and fruits

(Rouphael et al. 2008) when grafted on to the Shintoza type rootstock

of the same (C. maxima Duchesne � C. moschata Duchesne). Similarly,

cadmium concentrations in the eggplant (S. melongena) were grafted

onto Solanum torvum; the leaves and stem have shown a reduced level

of Cd concentrations (67%–73%) (Arao et al., 2008).

In another study (Edelstein & Ben-Hur, 2007), it was noticed that

when the melon plants (cv. arava-galia type) were grafted on to the

rootstock of cucurbita plant (TZ-148), there was a reduction in boron

(B), zinc (Zn), strontium (Sr), manganese (Mn), copper (Cu), titanium

(Ti), chromium (Cr), nickel (Ni), and cadmium (Cd) compared to the

non-grafted plants. Grafting has shown a reduction in concentrations

of cadmium in brinjal fruits when it was grafted onto the S. torvum

(Arao et al., 2008). The trace elements’ tolerance was studied with the

cucumber “Akito” scion that was grafted on to the commercial squash

rootstock “Shintoza,” which controlled the uptake and translocation

of Cu to shoot, therewith alleviating an unfavorable effect of enor-

mous Cu supply on yield of fruits and plant biomass (Rouphael et al.

2008). Grafting influences the absorption and translocation of nutri-

ents such as nitrogen, calcium, magnesium, and phosphorus. For

example, from a previous study, it was observed that grafting will

improve the uptake of nutrients and plant photosynthetic rate (mainly

during winter season) (Davis et al., 2008; Hu et al., 2006; Neocleous &

Savvas, 2015).

3.5 | Grafting and flood stress

Flooding stress can negatively impact plant growth and development,

but plants have a number of ways to adapt it, and several agricultural

practices are also followed to tackle it, and one practice among them

is grafting. The mechanism of grafting and flooding stress is not well-

known; limited studies are reported. For example, the scion region of

watermelon was grafted with the rootstock of bottle gourd in loam

soil, which has the capacity to enhance the flood tolerance (Maurya

et al., 2019). The grafting of cucumber scion part with the squash

rootstock region has shown an increase in the chlorophyll content

against flooding stress in a previous study (Kato et al., 2001); whereas

in another report (Yetışır et al., 2003), the watermelon cv. Crimson

Tide scion plant was grafted with the rootstock of Lagenaria siceraria

SKP (Landrace), and it has shown a decrease in chlorophyll content,

which is noticed in rare conditions. The scion part of tomato plant

was used to graft with the brinjal accessions EG195 and E203, which

has further resulted in the flood tolerance in a previous study. The

scion region of the pepper plant was grafted with chili accessions

“PP0237-7502,” “PP0242-62,” and “Lee B,” which has resulted in

flooding tolerance (Ashok Kumar & Sanket, 2017).

3.6 | Grafting and alkalinity (soil pH) stress

Extreme levels of soil acidity will lead to harmful circumstances for

the vegetable crops in several areas of this world (Savvas et al., 2010).

Plants or crops exposed to alkaline soil conditions have the increased

amount of chemical present within can result in different physiological

and biochemical disorders, it could end up in the reduction in growth
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and loss of yield (Alengebawy et al., 2021). In a previous study, it was

reported that there were considerable changes in the biochemical and

physiological parameters such as photosynthesis and nutrients when

alkalinity is high in the grafted watermelon (Citrullus lanatus grafted

with cucurbita species) (Colla et al., 2010). In another study, the

authors have reported about the effects of five rootstocks such as

“Long purple” (eggplant), Datura patula (datura), Solanum luteum Mill.

(orange nightshade), Nicotiana tabacum L. (tobacco), and “Cal.jn3”-
S. lycopersicum L. (field tomato); these were grown under different

alkaline conditions like as 0, 5, and 10 mM of NaHCO3 (Mohsenian

et al., 2012). Thus, the study stated that there were high total soluble

solids (TSS) content, maximal quantum yield of PS-II photochemistry

(Fv/Fm), performance index (PI) values, and photosynthetic pigment

content in the plants that had Datura as their rootstock and rest

remained vice versa. So, it was concluded that the datura rootstock

has been a beneficial tool to enhance the alkaline tolerance in tomato

plants, which are grown under (sodium bicarbonate) NaHCO3 stress

(Mohsenian & Roosta, 2015) conditions.

4 | GRAFT UNION FORMATION: A DEEPER
LOOK INTO THE ROOTSTOCK-SCION
RELATIONSHIP

The successful establishment of a graft union is dependent on the

careful selection of both rootstock and scion (Habibi et al., 2022;

Rasool et al., 2020). The process of grafting involves the disruption of

the plant’s vascular system, which must be reconnected in order to

facilitate water uptake and nutrient transport to the graft junction.

This reconnection occurs through molecular, biochemical, and physio-

logical pathways that resemble the tissue healing process following a

wound (Habibi et al., 2022). Additionally, vascular reconstruction

allows for the transport of macromolecules across the graft union

(Rasool et al., 2020). The relationship between rootstock and scion

can significantly impact the growth patterns, precocity in flowering

and fruiting, fruit set and yield, quality and size, nutrient status, and

disease resistance of the grafted plant (Kumar et al., 2022). For exam-

ple, a scion may exhibit dwarfing characteristics only when grafted

onto a dwarf rootstock, like var. M.9. apple. Conversely, the same

scion may grow vigorously when grafted onto a particularly robust

rootstock, like the M26 cultivar. However, it is important to note that

vigorous rootstocks have a slower rate of fruiting than dwarfing root-

stocks (Kumar et al., 2022). The choice of rootstock can also impact

the plant’s resistance to environmental stressors, such as high salt

levels or winter damage. For instance, mandarin grafted onto Citrus

jambhiri rootstock is more precocious than when grafted onto sweet

orange, orange, or acid lime rootstocks. Overall, the careful selection

of rootstock and scion is crucial for the successful establishment and

growth of a grafted plant (Kumar et al., 2022; Mauro et al., 2022). The

study on physiological aspects, movement of proteins, hormones,

mRNA, and short RNA across the graft junction (Mauro et al., 2022)

may greatly assist to understand the mechanism and communications

between rootstock and scion (Figure 2).

5 | GRAFT UNION FORMATION AND
GENES INVOLVED

Graft union formation in rootstock-scion combinations involves a

series of histological stages. The first stage is characterized by the for-

mation and orientation of a necrotic layer (Melnyk et al., 2015; Rasool

et al., 2020). In the second stage, callus cell proliferation occurs, lead-

ing to the growth of new tissue (Rasool et al., 2020). The third stage is

marked by the formation of a callus bridge at the graft interface, con-

necting the rootstock and scion. This bridge plays a crucial role in the

successful union of the two tissues (Fan et al., 2015). The fourth stage

F I G U R E 2 Representation of grafting
(a) represents grafting and junction
formation, (b) represents the signaling
process between rootstock and scion
such as transfer of mRNA, DNA, and
sRNA movement across the graft union
formation, (c) represents DNA
methylation (created with Biorender.com,
license provided). IAA, indole-
3-acetic acid.
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involves the formation of vascular cambium, which is responsible for

the production of new vascular tissue (Melnyk et al., 2015). Finally, in

the fifth stage, vascular tissue reconstruction takes place, completing

the process of graft union formation. During this process, necrotic

layers disappear, except in the outer cortex, where they usually

become bark (Fan et al., 2015; Rasool et al., 2020). This disappearance

is attributed to the activity of callus cells, which contribute to the

regeneration of healthy tissue (Fan et al., 2015; Melnyk et al., 2015).

Several mechanisms are involved in regulating rootstock and

scion interactions during graft healing (Liu et al., 2023) (Table 1). One

such mechanism is differential gene expression (Figure 1), specific

genes, such as ANAC071 and RAP2.6L, have been expressed at the

scion and rootstock cut surfaces in Arabidopsis inflorescence stems,

respectively (Nie & Wen, 2023). The ANAC071 gene encodes a tran-

scription factor that contains the NAC domain (no apical meristem

[NAM], Arabidopsis transcription activation factor [ATAF], cup-shaped

cotyledon [CUC]). NAC transcription factors play a role in various

kinds of plant activities, including environmental stress response,

organ formation, and vascular development. ANAC071 is particularly

involved with modulating cell differentiation and stress responses,

which are critical for effective grafting since they can affect the devel-

opment and stability of the graft interface. RAP2.6L transcription fac-

tor is found in the lower region of the wound site and is controlled by

jasmonic acid (JA) and low auxin levels. It also enhances the cell divi-

sion required for wound healing and graft stability. Both ANAC071

and RAP2.6L collaborate, with their expression being spatially con-

trolled by the distribution of auxin, ethylene, and JA, all of which are

required for optimal tissue regeneration after grafting. The expression

of these genes is promoted by ethylene and JA. Additionally, the accu-

mulation of indole-3-acetic acid (IAA) is observed at the scion cut sur-

face, while its concentration declines at the rootstock cut surface.

These gene expressions and IAA accumulation are essential for tissue

reunion at graft formation in Arabidopsis thaliana (Asahina et al., 2011;

Nie & Wen, 2023).

The induction of ANAC071 expression is facilitated by the pres-

ence of auxin, upon binding to the promoters of XTH19 and XTH20;

ANAC071 triggers their expression and promotes cell proliferation

during tissue interaction, which can be marked as the end of the first

stage (Nie & Wen, 2023). The XTH19 and XTH20 genes encode xylo-

glucan endotransglucosylase/hydrolases (XTHs), enzymes that play an

important role in altering the plant cell wall by remodeling xyloglucan,

a fundamental component of the wall matrix. In plant grafting, the

ANAC071 transcription factor regulates XTH19 and XTH20, which are

necessary for pith cell proliferation and tissue reunion in grafted

plants. The XTH19 and XTH20 genes encode XTHs, enzymes that play

an important role in altering the plant cell wall by remodeling xyloglu-

can, a fundamental component of the wall matrix. In plant grafting,

the ANAC071 transcription factor regulates XTH19 and XTH20, which

are necessary for pith cell proliferation and tissue reunion in grafted

plants (Hyodo et al., 2003). DOF transcription factors are rapidly acti-

vated at wounding and regulate callus formation (Zhang et al., 2022).

The callus proliferation accompanies with GH9B3 expression that

facilitates cell–cell adhesion (Notaguchi et al., 2020). The GH9B3 geneT
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encodes a glycosyl hydrolase that plays an important role in cell wall

remodeling and is especially active during graft union formation.

GH9B3 expression can be driven by the wound-inducible promoter

RAP2.6, indicating its participation in graft healing via cell wall remo-

deling (Notaguchi & Tsutsui, 2020). In the second stage, the cambium

and parenchyma cells located at the cut surface of both the stock and

scion undergo a robust division in response to the injury, resulting in

the formation of callus (Aloni, 2021). This callus serves as a bridge,

connecting the rootstock and scion (Aloni, 2021). Concurrently, the

cells situated between the rootstock and scion initiate the transfer

and exchange of water and nutrients through the plasmodesmata. In

the third stage, as the callus between the rootstock and scion prolifer-

ates, the contact layer gradually disappears. Consequently, the callus

between the rootstock and scion transitions from a state of close con-

nection to being fused into a single entity. This transformation can

pose challenges in terms of identification (Nie & Wen, 2023). The pro-

cess of “cambialization” is redundantly influenced by ANAC071 and

ANAC096, as per a recent report by Matsuoka et al. (2021). During

the fourth stage of this process, new vascular bundles are formed in

the callus at the rootstock/scion junction, leading to the formation of

a complete plant body. The PIN-formed proteins (PIN), auxin response

factor 6 (ARF6), and ARF8 modulate the role of IAA in grafting. The

differentiation of the xylem is controlled by monopteros (MP), which

is influenced by these factors through the Arabidopsis Histidine Phos-

photransferase Protein 6 (AHP6) gene. The MP gene encodes an auxin

response factor (ARF) that is pivotal in regulating embryogenesis and

vascular development. It is involved in orchestrating cell differentia-

tion and division at wound sites, making it essential for tissue regener-

ation during grafting (Goda et al., 2004).

Similarly, the differentiation of protophloem is regulated by the

brevis radix (BRX) gene, while the ALF4 gene manages cell division

and the xylem pole pericycle. BRX (BREVIS RADIX) gene produces a

protein that influences root growth and development through cell

division and elongation. It also controls auxin-mediated growth

responses, which are critical in rootstock-scion interactions in grafted

plants (Goda et al., 2004). The pre-procambial cell specification is gov-

erned by the Arabidopsis thaliana homeobox 8 (ATHB8) gene (Smit

et al., 2020). The ATHB8 gene encodes a transcription factor from the

HOMEODOMAIN-LEUCINE ZIPPER III (HD-ZIP III) family. This gene

is essential for the formation of vascular tissues in plants. ATHB8 is

largely expressed in procambial cells, which are precursor cells that

develop into vascular tissues. The gene is auxin-inducible and plays a

specialized role in increasing vascular strand differentiation and for-

mation, including xylem development, in response to environmental

and developmental signals (Baima et al., 2001).

6 | METABOLITE EXCHANGE AT GRAFT
INTERFACE

Grafting is a technique that can be employed to regulate the composi-

tional characteristics of horticultural produce, encompassing the con-

centrations of primary and secondary metabolites. This intricate

interdependence necessitates a multifaceted, two-way communica-

tion network between the two plant partners, which involves the

transfer of water, nutrients, hormones, peptides, nucleic acids, and

other metabolites. The physiology and determinism of these mecha-

nisms remain largely unexplored (Mauro et al., 2022). There are cer-

tain phytohormones that are involved in abiotic stress mitigation

through grafting techniques (Sharma & Zheng, 2019). There are few

studies reporting that the phytohormones such as cytokinin, auxin,

and gibberellin play a vital role in maintaining the rootstock-scion

interactions (Aloni et al., 2010; Rasool et al., 2020).

Plant hormones play a crucial role in the rootstock-scion interac-

tion during grafting, particularly in callus formation. It was also

observed that cytokinins, auxins, abscisic acid (ABA), gibberellins, JA,

and ethylene are involved in this process (Nanda & Melnyk, 2018).

Notably, compounds such as IAA and 6-benzyl adenine (6-BA) can

enhance xylem and phloem transport efficiency. These hormones also

have a coordinating effect at the rootstock/scion contact area, stimu-

lating cell differentiation and promoting callus formation. IAA synthe-

sized in the scion leaves can be transferred to the rootstock,

promoting the growth and development of lateral roots. By balancing

the concentrations of cytokinins and ABA, the vigor of the scion can

be increased, leading to improved vigor of grafted plants. Additionally,

cytokinins and gibberellins transported through the xylem can pro-

mote branch growth and internode elongation of the scion partner

(Jain et al., 2022; Nanda & Melnyk, 2018).

In other studies, it has been found that ABA plays a crucial role

in regulating stomatal closure in plant leaves. When plants experi-

ence drought stress, ABA can be transported from the rootstock to

the scion, effectively controlling stomatal closure in leaves and

enhancing the drought tolerance of grafted plants (Aloni, 2021; Jain

et al., 2022; Melnyk et al.,2018). Additionally, JA, an oxidized lipid, is

responsible for regulating the expression of defense genes in plants

when they undergo cell damage. It has been also shown that under

osmotic stress conditions, scion plant leaves can synthesize a higher

amount of JA and transport it to the roots of the rootstock, helping

to alleviate the damage caused by abiotic stress in the plant. Further-

more, melatonin has been found to contribute to the enhanced cold

tolerance of grafted watermelon plants in conjunction with JA (Liu

et al., 2021). Melatonin helps to reconstruct the cell wall near the

graft interface that is secreted into the extracellular region. Apart

from melatonin, sugar metabolism plays a crucial role in the forma-

tion of graft unions (Nie & Wen, 2023). In a recent study, Loupit et al.

(2022) predicted graft compatibility and identified certain marker

metabolites, such as asparagine, trans-resveratrol, trans-piceatannol,

and α-viniferin that were exchanged between rootstock and scion.

The different metabolic markers between rootstock and scion can be

analyzed using various omics technologies (Dong et al., 2022; Jain

et al., 2022).

Despite the current findings, the understanding of the link

between stock and scion, the integration of vascular tissues, the use

of plasmodesmata in union formation, and the exchange of material at

the graft interface remain unknown. Extensive research is required to

address these fundamental concerns. To further investigate these
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areas, the use of fluorescent markers and correlative light-electron

microscopy is recommended (Rasool et al., 2020). However, the roles

of rootstock and scion, as well as the mechanism underlying rootstock

influence, are still insufficiently understood. Exciting areas of future

research include exploring the effect of rootstock diversity and molec-

ular signaling during scion modulation. By exchanging rootstock in

tomato grafts, leaf endophytic microbes of the scion cultivar were

partially changed indicating bacteria and fungi could be preferentially

associated with rootstock genotypes (Toju et al., 2019). The field of

rootstock biology is still in its early stages, with important aspects

such as long-distance molecular signaling and the capacity of root-

stocks to modulate the interaction between plants and soil

(Warschefsky et al., 2016). Further research is needed to uncover the

molecular signals underlying graft-transmissible phenotypes,

the extent to which large portions of DNA can traverse the graft junc-

tion, the impact of the soil on rootstock function and scion pheno-

type, and whether grafting induces heritable epigenetic changes that

alter important agronomic traits.

7 | CRISPR TOOLS APPLICATION IN
GRAFTING

CRISPR (clustered regularly interspaced short palindromic repeats)

tools are a new genetic engineering method that enables precise DNA

editing in live organisms. The CRISPR-Cas9 system, the most well-

known CRISPR tool, is based on a natural defense mechanism utilized

by bacteria to guard against viruses. The method employs a guide

RNA (gRNA) to target certain DNA sequences, and the Cas9 enzyme

functions as molecular scissors, cutting the DNA at a precise position.

After the DNA is cut, researchers can deactivate a gene or implant a

new piece of DNA (Jinek et al., 2012). CRISPR tools are widely used

in a variety of applications, including gene therapy, agricultural bio-

technology, and fundamental biological research, due to their versatil-

ity and precision. CRISPR offers the ability to fix genetic

abnormalities, treat and prevent diseases, and increase crop resis-

tance. However, ethical problems and potential off-target effects

remain issues that must be addressed (Adli, 2018; Doudna &

Charpentier, 2014; Hsu et al., 2014).

CRISPR-Cas12a (also known as Cpf1) is an advanced gene-editing

technology that has gained popularity for its unique qualities, such as

the capacity to generate staggered cuts in DNA, high specificity, and

flexibility in targeting sequences that CRISPR-Cas9 cannot. Cas12a’s

characteristics make it especially effective for fine-tuning complicated

traits such as nutrient intake and stress resistance, both of which are

important in vegetable grafting. When used in grafting plants, Cas12a

can improve rootstock characteristics, leading in higher nutrient

absorption and resistance to various abiotic stresses like as salt,

drought, and nutrient deficits. For example, in crops like tomato and

cucumber, to improve nitrogen assimilation, CRISPR-Cas12a was used

to target the NRT1.1B and NRT2.1 genes that govern nitrate uptake.

When these altered rootstocks are utilized in grafting, the scion has

higher nutrient availability, which leads to increased growth and yield

even in nutrient-limited situations (Zhao et al., 2020). CRISPR-Cas12a

can also be utilized to change rootstock genes involved in ion trans-

port and compartmentalization, such as HKT1 (which regulates

sodium transport) and NHX1 (which controls vacuolar sodium

sequestration). Researchers fine-tuned these genes to create root-

stocks that are better able to handle high salinity levels, minimizing

the harmful consequences of excess sodium. For example, in cucum-

bers, altered rootstocks with better sodium exclusion ability have

been demonstrated to flourish in saline soils. When grafted onto

non-edited scions, these rootstocks improve the plant’s overall salt

tolerance (Erdo�gan et al., 2023). Likewise, heavy metal contamination

in soil, such as excess cadmium (Cd) and arsenic (As), is a significant

abiotic stress that can limit plant growth and endanger food safety.

CRISPR-Cas12a has been used to improve rootstocks’ sequestration

and detoxification capabilities by targeting metal transporter genes

such as HMA3 and NRAMP. A study on rice found that rootstocks

altered with CRISPR-Cas12a for OsHMA3 (knocked out) reduced cad-

mium accumulation in shoots while improving the root’s ability to

retain heavy metals. When grafted, these rootstocks considerably

reduced heavy metal uptake in edible plant portions, resulting in

safer food harvests.

The effectiveness of CRISPR-Cas12a in mitigating abiotic stresses

in grafted vegetables is based on its precise and flexible editing capa-

bilities, such as follows: (a) staggered DNA cuts for precise edits,

which is especially useful when editing complex traits involved in

stress responses, ensuring minimal off-target effects while achieving

the desired genetic change; (b) high targeting specificity as Cas12a

recognizes T-rich PAM sequences, which are distinct from those tar-

geted by Cas9. This broadens the spectrum of genes that can be

altered, allowing for more precise improvements in stress resistance

pathways including as nutrient transporters, osmotic regulation, and

root growth; and (c) flexible editing of polygenic traits, because abiotic

stress responses frequently involve several genes. Cas12a’s capacity

to target many gene sites at once (multiplex editing) makes it an ideal

tool for enhancing the polygenic characteristics that determine stress

tolerance in rootstocks. This characteristic ensures that rootstocks in

vegetable grafting can be developed to operate well under varied

stress situations, allowing for robust plant development in a variety of

environments (Erdo�gan et al., 2023; Uga et al., 2018; Zhao et al.

2020). Another tool, CRISPR-Cas13 is a unique RNA-targeting tech-

nique that differs from the more well-known DNA-editing CRISPR

systems, Cas9 and Cas12a. By targeting mRNA or non-coding RNAs

involved in stress responses, CRISPR-Cas13 can assist control stress-

responsive pathways without permanently altering the plant’s

genome. This characteristic helps manage complicated and dynamic

stress responses, such as those caused by various abiotic stressors

(Abudayyeh et al., 2017; Liu et al., 2021; Mahas et al., 2021; Wessels

et al., 2020).

CRISPR-Cas9 technology has helped to improves drought and

salinity tolerance by developing rootstocks that are more resistant to

drought and salinity. For example, Wang et al. (2020) employed

CRISPR-Cas9 to knock out the SlMAPK3 gene in tomato plants, which

resulted in better drought tolerance when these modified rootstocks
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were grafted with wild-type scions (Wang et al., 2020). The study

found that grafted plants retained more water and experienced less

oxidative stress during drought conditions. The mechanism involved

in mitigation is that the beneficial genes (like DREB1 and AREB—genes

help to tolerate stress particularly drought) are upregulated to pre-

serve water and manage the osmotic pressure thus boosting the

plant’s resilience. Additionally, it is found that CRISPR-Cas9 has been

utilized in rice to edit genes that affect root depth and angle, such as

OsNAC10 and OsDRO1. Plants with deeper and more spread-out root

systems have better access to water and nutrients during droughts.

Enhancing these rootstock features in grafted plants using CRISPR-

Cas9 makes the entire grafted plant more resistant to water scarcity

(Jeong et al., 2010; Uga et al., 2013). High salt levels cause an overa-

bundance of sodium (Na+) ions in plant cells, disrupting their function-

ing. CRISPR-Cas9 can target genes such as HKT1 and NHX1, which

control salt transport and sequestration in plants. CRISPR-Cas9 mod-

ifies these genes, allowing the plant to better manage ion balance and

reduce the harmful consequences of salt. During grafting, rootstocks

modified for better ion control improve the plant’s overall salt toler-

ance (Munns et al., 2016; Zhao et al., 2016). CRISPR-Cas 9 can also

aid in mitigating temperature stress by modifying heat shock proteins

(HSPs) and cold-responsive genes (e.g., CBF and ICE1). For example, in

tomato plants, CRISPR-Cas9 was utilized to eliminate the SlHEAT1

gene in rootstocks, resulting in increased tolerance to both high and

low temperatures. Grafted plants with these rootstocks had higher

photosynthetic efficiency and less oxidative stress during temperature

extremes (Zhang et al., 2019).

CRISPR-Cas13 was used to transiently reduce stress-responsive

RNA transcripts in cucumber rootstocks. When grafted with non-

edited scions, the changed rootstocks showed increased resistance to

drought, heat, and oxidative stress (combined abiotic stress) (Liu

et al., 2021). Drought and heat stress in cucumbers frequently result

in increased ROS production, which can cause cellular damage.

CRISPR-Cas13 was also used to reduce expression of NADPH oxi-

dases and increase expression of SOD1, which had the combined

effect of promoting cellular homeostasis and upregulating antioxidant

defenses (e.g., SOD1). As a result, plants have superior tolerance to

the combined impacts of heat and drought, as seen by increased

water retention, reduced leaf withering, and increased photosynthetic

efficiency. The rootstock can buffer oxidative damage by reducing the

expression of stress-sensitive RNA transcripts related to ROS genera-

tion using CRISPR-Cas13. When these rootstocks are grafted with

non-edited scions, the scion benefits from the changed rootstock’s

increased antioxidant capacity, which increases the overall robustness

of the grafted plant (Liu et al., 2021).

CRISPR tools such as Cas9, Cas12a, and Cas13 are revolutionizing

the generation of grafted plants that are more resistant to diverse abi-

otic challenges such as temperature fluctuations, heavy metal toxicity,

and oxidative stress. By targeting specific genes in rootstocks, these

technologies provide accuracy in boosting plant resistance, resulting

in grafted plants that perform better in harsh environments. Such

applications hold significant promise for sustainable agriculture, espe-

cially in areas with high abiotic stress levels.

8 | TARGETED MUTAGENESIS AND
GRAFTING

Water and mineral nutrients absorbed by the roots of the rootstock

can be transported to support the growth of the scion through the

transport tissue. Induction of tracheary element formation by XYLEM

CYSTEINE PROTEASE (XCP) facilitated water transport resulting in

scion growth enhancement (Huang et al. 2023). Similarly, the scion

can transport photosynthetic products to the root through the trans-

port tissue (Melnyk, 2017; Nie & Wen, 2023). In a study conducted by

Mo et al. (2023), it was found that the expression pattern analysis

demonstrated the upregulation of seven CiARFs at specific time

points during graft union formation. Among these, CiARF5 and

CiARF2e were consistently upregulated and were also induced by

drought stress and embryo development, respectively (Mo

et al., 2023). Furthermore, a heterograft study by Miao et al. (2021)

revealed that the correct sugar content is essential for graft union for-

mation and plays a positive role in this process (Melnyk, 2017; Miao

et al., 2021).

The establishment of a vascular connection between the scion

and the rootstock is crucial for the successful resumption of growth in

the scion. Similarly, the re-establishment of the vascular connection,

facilitated by the formation of new xylem and phloem, is a critical

stage in the process of new shoot growth from buds located on the

scion (Habibi et al., 2022). Recent research by Yang et al. (2023) has

revealed a transgene-free and heritable approach for incorporating

targeted mutagenesis in plants through grafting. Their study demon-

strates the mobility of Cas9 and single guide RNA (sgRNA) transcripts

when fused with tRNA-like sequence (TLS) motifs across the grafted

junction from transgenic rootstock to wild-type scion. This technique

has the potential to be applied in various breeding programs and crop

plants (Awan et al., 2023; Yang et al., 2023). The analysis of gene

expression to identify genes involved in different aspects of graft

union formation poses challenges due to the heterogeneous and com-

plex nature of the graft interface. This interface consists of different

cell types with varying responses, making it difficult to pinpoint the

specific cells involved in vascular reconnection. For instance, cells

involved in vascular reconnection may be sparsely distributed among

other tissues present at the graft interface. To overcome these chal-

lenges, new techniques can be employed to study grafting and eluci-

date the roles of each tissue. One such technique is in vitro callus

grafting, which allows for the examination of plasmodesmata forma-

tion at the callus graft interface. Additionally, single-cell transcript pro-

filing can provide valuable insights into the gene expression patterns

of individual cells at the graft interface (Loupit et al., 2023).

9 | MECHANIZED GRAFTING AND
COMMERCIAL APPLICATION

Grafting is used as an easy approach for mitigating abiotic stresses

(Pérez-Alfocea, 2019; Singh et al., 2017) but is a tedious process.

Thus, the use of automated machines or robots (Kubota et al., 2008;
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Xie et al., 2020) for grafting is being developed (Oyebamiji

et al., 2024; Rivero et al., 2003). A vegetable grafting robot is a device

that can be specifically programmed by a computer and is capable of

performing an intricate sequence of tasks autonomously. These

robots are steered by an internal control system or by an external

control device. The majority of crop robotics research now focuses on

horticultural or industrial crops (Singh, Sethi et al. 2020). Figure 3 illus-

trates the schematic diagram emphasizing on the importance of mech-

anized grafting in vegetable farming.

Grafting automation has been recognized as a key to success in

the large-scale production of grafted seedlings. The high cost of

grafted seedlings is due to intensive labor inputs for propagation

using traditional grafting methods, longer production periods, and

additional costs of rootstock seed (Singh, Sethi et al. 2020). Vegeta-

ble grafting robots rely heavily on machine vision technology since it

increases grafting operations’ efficiency and success rate (Devi

et al., 2020). The introduction of automation and mechanization

technology can help to address large-scale production needs. Semi

and fully automated grafting robots have been presented from differ-

ent agricultural machine industries (Devi et al., 2020; Yan

et al., 2022). It assists with joint surface deviation detection, gap

detection between rootstock and scion, and diameter matching and

identification of seedlings. Intelligent grafting robots that improve

accuracy and efficiency can be produced by combining machine

vision technology with artificial intelligence and large data analysis

(Jiang et al., 2022; Zhang et al., 2017). To determine surface parame-

ters and cutting angles for precise cutting and grafting, it examines

the morphology and structure of seedlings. Classification algorithms

and statistical techniques aid in the accurate measurement of seed-

ling size (Lee et al., 2010; Liang et al., 2023).

One of the mechanized grafting technique is full-tray grafting that

is achieved by plug seedlings clamping and positioning devices. Fu

et al. (2022) showed that the average grafting success rate achieved

by the full-tray grafting device was around 67%. Moreover, the suc-

cess rate of rootstock cutting was 100%, while that of scion seedling

cutting was over 88%. These findings of Fu et al. (2022) suggest that

although the full-tray grafting device exhibited stable performance,

there is still scope for enhancing the grafting success rate, especially

for seedlings with thin stems and curved growth. The research carried

out by Jiang et al. (2020) addresses the need for a cutting mechanism

to guarantee the standard and rate of survival of grafting seedlings

and offers a reliable procedure for grafting robots. The rootstock and

scion cutting surfaces’ fitting rates reached 99.04%, indicating the

critical cutting angles for C. moschata and calabash gourd seedlings.

Cutting C. moschata seedlings had a success rate of 98%, and pressing

their cotyledons (embryonic leaf and critical to handle during grafting)

had a 96.67% success rate. The rootstock and scion’s cutting precision

and fitting rate complied with the splice grafting method’s require-

ments. Hence, these research outcomes serve as supportive shreds of

evidence for switching grafting automation over conventional or

human-intervened grafting practices. Table 2 lists the most recently

developed grafting machines or research related to mechanized graft-

ing and type of grafting that can be achieved.

From the “One Cotyledon Splice Grafting” device developed by

Iam Brain in Japan in the 1980s to the sophisticated research in agri-

bots (Singh et al., 2023), a number of factors influence the success

rate, one of which is the seedlings’ uniform and homogeneous growth

in the vertical direction. Adoption of automated grafting is hindered

by the high initial cost of grafting equipment, the stringent require-

ment for consistency of rootstock seedlings, and the intricacy of the

cutting angle when utilizing the one-cotyledon grafting method (Devi

et al., 2020). Current problems include high production costs, limited

grafting speed, and a lack of supplementary grafting equipment. In the

future, these limitations in the recent study can be further examined.

F I GU R E 3 Schematic diagram of mechanization of grafting, depicting several benefits of using agri-bot for grafting.
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Automation and intelligence are the directions for future pro-

gress. Modern intelligent technologies like artificial intelligence, cloud

computing, and machine vision may be used to accomplish fully

autonomous grafting, as well as lower manufacturing costs, faster

grafting, and better grafting auxiliary equipment (Yan et al., 2022;

Zhang et al., 2017). We might witness the creation of increasingly

advanced agribots that can handle a variety of vegetable crops as

technology advances. These systems could be adjusted to various

grafting methods and maximize the procedure’s overall effectiveness.

The efficacy and flexibility of agribots in grafting may be further

improved by integrating artificial intelligence and machine learning.

For widespread implementation, nevertheless, issues including cost,

upkeep, and adaptability to various agricultural contexts must be

resolved. Agribots’ future will probably be shaped by ongoing research

and development in this area, making them useful instruments for

enhancing sustainability and productivity in vegetable crop grafting.

10 | CONCLUSIONS

The selection of suitable rootstocks or scions is crucial in generating

the abiotic stress resistance of grafted plants. Besides enabling the

grafted plants to regulate general morphological, physiological, and

molecular processes and allow adaptive changes to improve abiotic

stress resistance, the graft-responsive genes, especially through the

exchange of genetic information between rootstocks and scions, are

important in improving plant performance under stress conditions. It is

also vital in promoting water use efficiency, osmoregulation,

antioxidant-mediated stress tolerance, and so forth. Furthermore,

future research can focus more on the improvement of abiotic stress

resistance of grafted crops, which is a potential research avenue that

can be applied in tropical and sub-tropical regions. Furthermore, with a

deeper study, we anticipate that scion-rootstock communication is a

complicated process that is critical for improving abiotic stress resis-

tance through transport molecules. As a result, understanding and

enhancing plant tolerance requires a focus on scion-rootstock commu-

nication. Researchers from several nations have conducted extensive

studies on vegetable grafting robots, in addition to physiochemical and

molecular biology studies. A huge number of valuable successes have

been gained as they progressed from semi-automation to full automa-

tion, and the grafting speed and survival rate have been significantly

enhanced. Given the advancements in fields like agricultural science

and mechanical design, modern vegetable grafting robots based on the

splice grafting method are better suited to the development of automa-

tion and computerization, which are the mainstream and development

directions of future research. With the ongoing advancement of infor-

mation technology and the progressive implementation of cloud com-

puting and big data in agriculture, the development of intelligent

agricultural systems has emerged as the overarching path of future

growth. At the same time, using contemporary artificial intelligence, big

data, and cloud computing approaches, it is a significant task and chal-

lenge to create an agronomic and mechanism-based design model for

vegetable grafting robots.T
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