
   
 

© The Author(s) 2011. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 

                      
email: wangyq@cau.edu.cn 

Review 

SPECIAL TOPIC November 2011  Vol.56  No.33: 35113517 

For 100th Anniversary of the Birth of Professor Cheng-Hou Lou doi: 10.1007/s11434-011-4816-1  

Plant grafting and its application in biological research 

WANG YouQun 

State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing 100193, China 

Received June 15, 2011; accepted September 1, 2011 

 

Grafting is widely used for various aspects of plant biological research. We reviewed grafting methods and graft development 
processes for herbaceous plants. We introduced also methods of investigating the development of graft union and compatibility, 
and the application of grafting in understanding translocation of substances and long-distance signaling in plants. 
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Plant grafting originated during the ‘Warring States’ period 
of China’s history, and is thus more than two thousand 
years old. During its long history, grafting techniques have 
been continuously developed and improved. Today, grafting 
is commonly used as a routine method of asexual reproduc-
tion for the agricultural production of many types of plant, 
including fruit trees, vegetables and flowers. It may be used 
to enhance resistance, improve quality, and increase pro-
duction. It has therefore brought enormous economic bene-
fits to agricultural production. 

Grafting is the method of purposively combining the 
buds or branches of one plant with the roots and base of 
another plant. The upper component is the ‘scion’, and the 
lower is the ‘rootstock’ or ‘stock’. ‘Autografting’ is grafting 
between the same plants of the same species; ‘homograft-
ing’ is grafting between different plants of same species; 
‘heterografting’ is grafting between plants of different spe-
cies [1]. The grafting combinations used in agricultural 
production are commonly compatible, as both scion and 
rootstock survive after grafting and grow normally until 
flowering [2]. Most heterografting combinations are in-
compatible as either scion or rootstock, and both may die 
after grafting. 

Grafting has been widely used to study transport of sub-
stances within plant tissues, flowering regulation, and signal 

transduction mechanisms. We reviewed grafting methods, 
graft union development, and grafting applications in plant 
biological research. 

1  Grafting methods 

Grafting is commonly performed at plant stems using flat, 
cleft, and approach methods, among which cleft grafting is 
the most commonly used. In cleft grafting, the scion base is 
cut into a wedge shape. The rootstock is first sliced hori-
zontally and then cut into a cleft. The scion is inserted into 
the cleft in the rootstock. Flat grafting is commonly used in 
studies of graft union development. In flat grafting, both the 
scion and the rootstock are cut into flat surfaces, and are 
grafted together. In approach grafting, the cambium of the 
scion and rootstock are exposed by cutting the epidermis 
and cortex. The surfaces are then combined. To successfully 
perform grafting, the precise docking of anatomical struc-
tures between scion and rootstock is very important. Dislo-
cation of vascular system and cambium often leads to graft 
failure or delayed development [3]. 

For different research purposes, a variety of other graft-
ing methods have been introduced, including callus grafting, 
grafting of an explanted stem segment in vitro, and micro-
grafting. 

To study cytological events during incompatible grafting, 
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Moore and Walker [4] performed in vitro callus grafting 
between Solanum pennellii and Sedum telephoides; they 
found that the cells near the graft union had dilated endo-
plasmic reticulum and thickened cell walls. A co-suspension 
culture of pear (Pyrus communis) and quince (Cydonia ob-
longa) callus resulted in significant reduction in quince 
growth [5]. 

Gebhardt and Goldbach [6] established a micrografting 
method using plantlets obtained from tissue culture of 
Prunus shoot-tips under sterile conditions, and cultured the 
grafted plantlets in vitro in liquid medium. Russo and Slack 
[7] introduced a method to screen and analyze virus-resistant 
potato cultivars by grafting potato plantlets in vitro. 

Parkinson and Yeoman [8] introduced an in vitro grafting 
method using explanted stem segments. They cut a part of a 
plant stem into segments, grafted these together, and cultured 
them in sterile MS medium. To simulate normal physiolog-
ical conditions, the medium was divided into two parts. The 
medium in contact with the scion was supplemented with 
sucrose, auxin, and cytokinin at particular concentrations, 
while the medium in contact with the rootstock was only 
supplemented with cytokinin. Since it is easy to change me-
dia composition and culture conditions, this method has been 
used to explore the impacts of different factors and condi-
tions on graft compatibility and physiological function [9]. 

Arabidopsis thaliana has been widely used as a model 
plant in the study of plant genetics, developmental biology, 
and molecular biology. The grafting of A. thaliana using 
different combinations has been used to investigate transport 
of substances, signal transduction, floral induction, systemic 
resistance, and abiotic stress response [10,11]. A. thaliana 
has rosette leaves, and its most suitable grafting positions 
are the inflorescence stem and the hypocotyl. Grafting of an 
inflorescence stem has usually been performed using cleft 
and flat grafting methods [10,12]. A few days after bolting, 
the inflorescence stem is cut with a razor. The grafting site 
is rapidly covered with silicone from a tube, to ensure that 
the scion is closely connected with the rootstock. Turnbull 
et al. [11] first established a hypocotyl grafting system in 
Arabidopsis thaliana using seedlings grown in petri dishes. 
They cut the hypocotyl of seedlings under a stereomicro-
scope, and used these for autografting or homografting. 
Grafting during bolting is convenient because the inflo-
rescence stem diameter is relatively thick. However, during 
this period, A. thaliana has completed most of its important 
physiological development including the induction of flow-
er organs. Though hypocotyl grafting is relatively difficult, 
this grafting system is more suitable for the study of sub-
stance and signal exchanges between roots and shoots. Rhee 
and Somerville [12] performed preliminary studies of the 
histology of the graft union from inflorescence stems. The 
detailed development process of Arabidopsis thaliana 
grafting has not been well studied, however. Determining 
when the vascular tissue connection between scion and root-
stock takes place, is very important in understanding how 

signals are transducted and substances are transported. 

2  Graft union development in herbaceous plants 

The developmental process in compatible grafting of her-
baceous plants roughly includes: (1) the formation of the 
isolation layer and the initial adhesion of scion and root-
stock, (2) the formation of the wound callus, and (3) re- 
connection of the vascular bridge between scion and root-
stock [13,14].  

2.1  Isolation layer formation and initial adhesion be-
tween scion and rootstock 

Cutting during the grafting process can lead to the for-
mation of an isolation layer, also known as a necrotic layer. 
Observation under an electron microscope has indicated that 
the isolation layer is composed of the remaining cell walls 
of cutting-induced dead cells and surrounding substances 
with a high electron density [15,16]. The initial adhesion 
between scion and rootstock has been observed to occur 1 d 
after grafting, and is related to a pronounced dictyosome 
activity in cells near the graft interface [16]. During the 
early stages of grafting, the isolation layer is distributed 
over the whole graft interface. With the formation of the 
callus, the isolation layer is disrupted in the vascular area, 
and is then gradually extended. Thus, scion and rootstock 
are able to directly connect. Lastly, the isolation layer dis-
appears, mainly because of growth pressures caused by the 
callus dividing at both sides of the graft union, and by callus 
absorption [17]. 

2.2  Formation of the wound callus 

Two to three days after grafting, the wound callus is formed 
by division of the parenchyma cells from cambium, phloem, 
xylem, and pith near the wounded surface. In herbaceous 
plants, callus cells are first formed at vascular bundles and 
cortex, with only a few in the pith [14,15,17]. Mixing of the 
wound callus cells of both graft partners can lead to further 
connection between scion and rootstock. 

With the formation of the callus, plasmodesmata are 
formed between scion and rootstock cells in the thinning 
region of the isolation layer. Because the plasmodesmata 
are formed in non-dividing cell walls, they are considered 
secondary plasmodesmata. Kollmann and Glockmann [18] 
accurately distinguished the contacting cell walls in a Vicia 
faba/Helianthus annuus graft based on ultrastructural fea-
tures, and confirmed the presence of secondary plasmodes-
mata between rootstock and scion. The secondary plasmo-
desmata are able to connect cells between rootstock and 
scion to form a continuous symplast. Thus, substance ex-
change between adjacent cells and cell communication can 
be achieved. These may play important roles in the further 
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development of the graft union. Wang [9] found that no 
plasmodesmata were formed between scion and rootstock in 
incompatible Vicia faba/Helianthus tuberosus graft, and the 
phloem of scion and rootstock were not connected. 

2.3  Formation of wound repair vascular bridges be-
tween scion and rootstock 

Formation of wound repair vascular bridges between scion 
and rootstock is a critical developmental event in compati-
ble grafting [2]. In herbaceous plant grafting, differentiation 
of xylem elements can be observed in the wound callus 3 d 
after grafting. These newly formed xylem elements are ir-
regular in shape and generally directly differentiate from 
callus cells at the graft union or parenchyma cells around 
vascular bundles [17,19]. Four days after a pea (Pisum sa-
tivum) autograft, xylem elements were differentiated from 
the callus cells of both scion and rootstock. Seven days after 
grafting, wound repair xylem bridges connecting vascular 
bundles of scion and rootstock were observed [17]. Simi-
larly, formation of wound xylem bridges was also observed 
in Vicia faba and Nicandra physaloides autografts of ex-
planted stem segments, 5 d after grafting [20]. Monzer and 
Kollmann [21] identified xylary connections within a graft 
based on species-specific secondary wall thickenings in a 
Lophophora williamsii/Trichocereus spachianus heterograft. 

Before differentiating into wound sieve elements, callus 
and parenchyma cells at the graft union normally divide one 
to several times to form sieve elements and companion cells 
[15,20,22]. In a pea autograft 5 d after grafting, callus cells 
of scion and rootstock differentiated into sieve elements. 
Eight days after grafting, wound repair phloem bridges con-
necting scion and rootstock were observed [17]. In a Cu-
cumis sativus/Cucurbita ficifolia heterograft, wound phloem 
bridges were established at the graft union 7 d after grafting. 
The average number of sieve tube connections in a hetero-
graft of Cucumis sativus/Cucurbita ficifolia was signifi-
cantly lower than in the respective homograft, Cucumis/ 
Cucumis [15]. In an explanted stem grafting system, wound 
phloem bridges in autografts of Vicia faba and Nicandra 
physaloides were observed 5 d after grafting. Those within a 
heterograft of Nicandra physaloides/Lycopersicon esculen-
tum were observed 7 d after grafting [20]. In a Vicia fa-
ba/Helianthus annuus heterograft, specific cell markers 
were used to distinguish sieve elements of scion and root-
stock. Sieve elements of Vicia faba were found to contain 
P-type plastids with starch and protein, while those of He-
lianthus annuus contained S-type plastids with only starch. 
These cell markers were used to accurately identify the in-
terspecific sieve plates between Vicia faba and Helianthus 
annuus graft partners [22]. 

As wound repair xylem and phloem elements further 
differentiate within the graft union, a newly formed wound 
cambium can eventually develop between them and give 
rise to new phloem and xylem strands [14,16]. In herba-

ceous plants, wound cambium is often formed two to three 
weeks after grafting. The formation of wound cambium 
crossing the graft union is often considered a sign of the 
completion of the graft union [14,22]. 

Studies of autografts of explanted stem segments of 
Nicandra physaloides and Vicia faba have shown that the 
development of grafting in vitro is similar to that in vivo 
[9,20]. Given the consistency of culture conditions, ex-
planted stem segment grafting is more suitable for bio-
chemical and physiological research than grafting in vivo. A 
new way to study compatible or incompatible mechanisms 
of grafting is thus available. 

Grafting success is influenced by genetics, structure, 
growth characteristics, physiological, and biochemical fac-
tors. Among these, genetic factors are critical for compati-
bility. In general, the closer the taxonomic relationship be-
tween scion and rootstock, the higher the grafting success 
rate. In most incompatible graft combinations, vascular con-
tinuity is not established between scion and rootstock [23]. 
Physiological factors may be important reasons for graft 
incompatibility. Gur et al. [24] studied pear/quince graft 
combination, and found that cyanogenic glycosides pro-
duced by the quince moved across the graft interface, where 
they were broken down by β-glycosidase produced by the 
pear, to liberate cyanide, resulting in the death of graft. 

3  Examining methods for graft union develop-
ment and compatibility 

3.1  Measurement of breaking weight 

Roberts and Brown [25] developed a technique of measur-
ing the force required to break the graft, at different stages 
after grafting. This can provide a basis for analysis of the 
progress of the graft over time. Tensile strength is expressed 
as breaking weight (g/mm2). Studies have showed that dur-
ing the formation of the graft union, tensile strength can be 
divided into three stages: (1) At 1–3 d from grafting, tensile 
strength is little and increases slowly, by 1 g/mm2 daily, in 
both compatible and incompatible grafts; (2) tensile strength 
increases sustainably at 3–11 d, 28 fold in a compatible au-
tograft, reaching a maximum of 56 g/mm2. In an incompati-
ble graft it increases only at 2–5 d, reaching a maximum of 
12 g/mm2; (3) tensile strength in a compatible graft stabi-
lizes and becomes similar to that of an ungrafted internode, 
while that of an incompatible graft gradually decreases from 
day 5. Changes in tensile strength are related to histological 
and cytological changes within the graft joint [26]. 

3.2  Measurements of electrical resistance 

Yang et al. [27] measured changes in electrical resistance at 
the graft junction in a compatible Lycopersicon esculentum 
autograft. They found that resistance changes were related 
to the developmental process of the graft union. Two to 
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three days after grafting, the electrical resistance increased 
rapidly with an isolation layer forming and becoming thick-
er. In the next 3–8 d, electrical resistance steadily decreased 
with callus proliferation, the breakage of the isolation layer, 
formation of secondary plasmodesmata between contacting 
cells of scion and rootstock, and the differentiation of vas-
cular elements in the callus. Finally, resistance began to 
drop to the level of the intact stem. However, for an incom-
patible Amaranthus tricolor/Lycopersicon esculentum het-
erograft, the electrical resistance at the graft junction was 
persistently high because of the persistence of the isolation 
layer.  

3.3  Measurements of hydraulic conductance 

Root hydraulic conductance (L0) is a measure of nutrient 
and water absorption in grafted plants; it has therefore been 
used to determine the graft developmental process [28]. 
Fernández-García et al. [29] determined the L0 value of a 
Lycopersicon esculentum autograft, 4, 8, 12 and 15 d after 
grafting. They found that the L0 was zero at day 4 after 
grafting, then linearly increased and reached a maximum 
between days 12 and 15. Meanwhile, histological examina-
tion found xylem conduits between scion and rootstock at 
the graft union, and fully developed xylem at day 15, sug-
gesting that changes in the L0 value reflected the xylem de-
velopmental process within the graft. 

4  Application of grafting in plant biological re-
search 

4.1  Application of grafting in studies of substance 
transport 

The formation of vascular bridges between rootstock and 
scion provides an important developmental index for com-
patible grafts [2,15]. Successful grafting, however, is re-
flected not only in the structure, but more importantly, in 
the physiological functions of vascular bridges in the ex-
change of substances between scion and rootstock. Sub-
stance exchange is reciprocal: from scion to rootstock and 
from rootstock to scion. Assimilate and mineral transport 
have been commonly used to examine the vascular devel-
opment of the graft, and the transport functions at the graft 
union. 

Parkinson et al. [30] utilized iron particles with different 
diameters to detect the transport function of xylem conduits 
in an explanted stem graft. They found that iron particles 
were transported with water from rootstock to scion in the 
compatible autograft of Lycopersicon esculentum and 
Nicandra physaloides, but not in an incompatible hetero-
graft of Lycopersicon esculentum/Nicandra physaloides. 
This indicates that graft incompatibility is related to the 
transport capacity of the xylem at the graft union. 

14C-labeled assimilates are commonly used to examine 

the transport function of wound phloem connections be-
tween scion and rootstock. De Stigter [31] used 14C-labeled 
CO2 to study assimilate transport in a Silene armeria auto-
graft. They found that transmission from one partner to the 
others occurred 7 d after grafting and took place at a high 
rate by 16 d. The transport of assimilates has been explained 
in terms of the source-sink concept. Rachow-Brandt and 
Kollmann [32] studied a compatible heterograft of Lycoper-
sicon esculentum on Solanum tuberosum, and a less com-
patible heterograft of Vicia faba on Helianthus annuus. Ly-
copersicon esculentum, Vicia faba, and Solanum tuberosum 
homografts served as controls. The transport of 14C-labeled 
assimilates across the graft union started 5–7 d after grafting, 
in compatible hetero- and homograft combinations. Subse-
quently, the number of sieve tubes in the graft union and the 
transport rate of assimilation increased, indicating that as-
similate transport is via phloem. For a less compatible graft 
of Vicia faba on Helianthus annuus, although wound 
phloem bridges were established between scion and root-
stock, only 2% of assimilates were transported 11 d after 
grafting. In comparison, 40% and 30% of assimilates in 
Vicia faba and Helianthus annuus autografts were trans-
ported, respectively. Kollmann and Glockmann [22] found 
that heavy callose was deposited at the sieve pores of an 
interspecies graft of Vicia faba and Helianthus annuus. The 
sieve pores thus became narrow; this may, to some extent, 
have been related to incompatibility. In incompatible grafts, 
assimilate transport from scion to rootstock is often blocked. 
Wang and Kollmann [20] determined the assimilate transport 
of different explanted stem grafts, at different developmen-
tal stages, using 14C-labeled sucrose. They found that 3 d 
after grafting, only a small amount of labeled sucrose was 
transported from scion to rootstock, possibly by diffusion 
through secondary plasmodesmata. Five to seven days after 
grafting, the assimilate transport rate had increased signifi-
cantly because of the formation of wound phloem bridges 
between graft partners. In incompatible grafts, because no 
wound phloem bridge formed between scion and rootstock, 
the rate of assimilate transport was low, and most assimi-
lates were blocked at the graft union. 

6(5)Carboxyfluorescein (CF) has been commonly used to 
trace substance transport in sieve tubes. Like assimilates, it 
is also transported from source to sink [33]. Schöning and 
Kollmann [34] used CF to examine the transport function of 
wound phloem in an explanted stem autograft of Lycoper-
sicon esculentum and Helianthus annuus, and found that CF 
transport was carried out in wound phloem. 

Tiedemann and Carstens-Behrens [35] collected phloem 
exudate from heterografts of Cucumis sativus (scion)/Cucur-      
bita ficifolia or Cucurbita maxima (rootstock) 5–7 weeks 
after grafting, and examined protein patterns using SDS- 
PAGE. Compared with a Cucurmis control plant, the phlo-
em exudate from the Cucumis scion of the heterografts had 
at least 4 novel protein bands with molecular weights ex-
actly complementing the Cucurbita protein pattern, includ-
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ing subunits of the PP1 and PP2 proteins within Cucurbita. 
Golecki et al. [36] further showed that in a Cucurmis sativus 
scion grafted onto Cucurbita rootstock, at least 9 additional 
proteins were transported from rootstock to scion, 9–11 d 
after grafting; indicating that protein exchange occurred in 
the sieve tubes of scion and rootstock, after phloem recon-
struction at the graft union. That the PP1 and PP2 mRNA of 
the Cucurbita maxima or Cucurbita ficifolia rootstock were 
undetectable in the Cucurmis sativus scion suggests that 
proteins rather than mRNA were transported. Cucurbita 
maxima PP1 was immunolocalized in sieve elements of the 
extrafascicular phloem of the Cucumis sativus scion, whereas 
Cucurbita maxima PP2 was found in both the sieve ele-
ments and companion cells [37]. 

4.2  Application of grafting in studies of long-distance 
signaling in plants 

Grafting is an ideal method for studying long-distance sig-
naling in plants. Using different combinations of mutants, 
transgenic plants, and wild-type plants as scion or rootstock, 
it is possible to analyze reciprocal long-distance signaling 
mechanisms. 

(i) Long-distance transport of RNA through plant phloem.  
In recent years, studies have found that some RNAs func-
tion as non-cell-autonomous signaling molecules, are trans-
ported within plants, and control organ development or de-
fense responses. Plant plasmodesmata provide intercellular 
transport channels for proteins or RNA-protein complexes. 
The vascular system, the specialized phloem in particular, 
provides long-distance transport pathways for non-cell-au-     
tonomous protein and RNA-protein complexes [38]. Xo-
conostle-Cázares et al. [39] grafted cucumber (Cucumis 
sativus) onto pumpkin (Cucurbita maxima), collected sieve 
exudates from the scion, and analyzed their molecular 
composition. Their research provided direct evidence that 
the CmPP16 mRNA of the rootstock was transported to the 
scion, thus crossing the graft union. Using in situ RT-PCR, 
Ruiz-Medrano et al. [40] found that CmNACP mRNA was 
transported via phloem from pumpkin rootstock into apical 
tissues of the cucumber scion. CmNACP belongs to NAC 
domain gene family. Some members of this family are in-
volved in apical meristem development. This experiment 
confirmed the transport of specific mRNAs to shoot apices 
in plants. Kim et al. [41] investigated a dominant leaf mu-
tant of tomato called Mouse ears (Me), that is caused by 
chromosomal rearrangements resulting in a fusion of LeT6 
and PEP. If a normal scion is grafted onto a Me mutant 
rootstock, new leaves that initiate on the scion have the Me 
morphology. In addition, in situ PCR detected Me tran-
scripts in the scion apex. These findings confirmed that long- 
distance transport of regulatory mRNAs in plants could 
control plant morphology. In potato (Solannum tuberosum), 
the BEL1-like transcription factor StBEL5 and its protein 
partner POTH1, regulate tuber formation by targeting genes 

that control growth. Grafting experiments have shown that 
StBEL5 transcripts could be transported through the graft 
union to the stolon tips, the site of tuber induction [42]. The 
above studies indicate that specific RNA molecules can be 
transported long-distance in plants, via phloem to specific 
organs, thus regulating plant growth and development. 

Recent studies have found that small regulatory RNAs 
contribute to the complexity of gene regulation. In plants, 
these RNAs are MicroRNAs (miRNAs) and small interfer-
ing RNAs (siRNA) of 21–24 nucleotides in length, func-
tioning as negative regulators of gene expression [43]. Pant 
et al. [44] found that miR399 could be transported from the 
scions of overexpressing miR399 to the roots of rootstock 
wild-type plants. The photoreceptor phytochrome B (PHYB) 
and the homeodomain protein BEL5, play important roles in 
the responses of potato tuber induction to the photoperiod. 
A microRNA, miR172, is involved in this developmental 
event. The miR172 levels in potato under tuber-inducing 
short days were observed to be higher than those under non- 
inductive long days, thus promoting tuber formation in the 
stolon. Tuber formation timing in the graft of 35S::miR172 
scion onto wild-type (WT) rootstock was as early as in the 
graft of 35S::miR172/35S::miR172 controls, indicating that 
the effect of miR172 in promoting tuber formation was graft 
transmissible. In contrast, WT (scion)/35S::miR172 (root-
stock) grafts tuberized like WT/WT controls, indicating that 
overexpression of miR172 in underground parts had no sig-
nificant promotional effects on tuber formation [45]. Ex-
pression of miRNAs was induced under conditions of biotic 
or abiotic stress [46]. Pi deprivation in Arabidopsis induced 
expression of miR156, miR399, miR778, miR827, and 
miR2111, whereas expression of miR169, miR395, and 
miR398 was repressed [47]. Under sulfur starvation in Ara-
bidopsis, miR395 accumulated within the phloem. hen1-1 
mutants were inhibited in sRNA methylation, resulting in 
significantly reduced levels of several miRNAs. Buhtz et al. 
[48] grafted wild-type Arabidopsis with hen1-1 mutant un-
der sulfur starvation. They observed that the miR395 from 
the wild-type scion was transported via phloem to hen1-1 
rootstock. Using hen1-1 as the scion and the wild-type as 
rootstock, they failed to observe miR395 transport from 
rootstock to scion. These experiments have indicated that 
miR395 is directionally transported from shoot to root. In 
contrast, miR171 was only detected in the wild-type part of 
the graft, and not in the mutant part, indicating that it was 
unable to be transported through the phloem. 

(ii) Long-distance transport of signaling protein in plants.  
Wounding caused by insect or herbivore attack is able to 
induce systematic responses in higher plants. Specific sig-
nals can be delivered from wounds to undamaged sites, 
causing expression of proteinase inhibitors (PIs). The wound- 
signaling polypeptide is systemin, composed of 18 amino 
acids. Systemin is released from its precursor, prosystemin, 
composed of 200 amino acids [49]. McGurl et al. [50] found 
that proteinase inhibitors I and II were constitutively ex-
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pressed in the leaves of prosystemin transgenic tomato, but 
only expressed under wounding in non-transgenic plants. 
Grafting of non-transgenic tomato plants as scions onto 
prosystemin transgenic rootstock was able to induce consti-
tutive expression of proteinase inhibitor proteins in the 
leaves of both scion and rootstock. These results support the 
proposed role of systemin as the mobile wound signal in 
plant wound responses. 

The transition from vegetative to floral meristems in 
higher plants depends on the interaction between internal 
and environmental signals. Florigen is produced in the leaf 
after inductive photoperiods and transported to the shoot 
apex where it triggers floral morphogenesis. Genetic studies 
of Arabidopsis have shown that FLOWERING LOCUS T 
(FT) can induce long-day and short-day plant flowering [51]. 
Heterografting has shown that the effective florigenic signal 
was transported from flowering Cucurbita maxima root-
stock to the Cucurbita moschata scion, under long-day con-
ditions. Although real-time RT-PCR detected no FT tran-
script in the phloem sap collected from the Cucurbita max-
ima rootstock, Cm-FT L1 and Cm-FT L2 proteins were de-
tectable by mass spectrometry of phloem sap proteins, re-
vealing that Cucurbita maxima FT, and not FT mRNA, is 
transferred across the graft union in the phloem transloca-
tion stream [52]. FT was expressed in the cotyledons and 
leaves of Arabidopsis under long-day conditions, and in-
duced the target genes such as APETALA1 (AP1) in the 
shoot apices to initiate floral morphogenesis. Grafting ex-
periments indicated that FT protein was transported from 
scions to the apical region of the rootstock, suggesting that 
FT protein rather than its mRNA, is the essential component 
of florigen [53]. 

In summary, grafting technology has made important 
contributions to agriculture for thousands of years. As a 
unique research system, grafting has been widely used in 
plant scientific research. Its application has solved some 
basic theoretical issues such as substance transport and sig-
naling transduction. To resolve new theoretical problems 
there is a need to select appropriate mutants or transgenic 
plants, and establish different grafting combinations. How-
ever, some issues in grafting still need to be solved. One is 
how to overcome graft incompatibility, and thus widen its 
application in agriculture. Another is how to advance mon-
ocot grafting technology and utilize it in research involving 
monocotyledons as model plants. 

This work was supported by the National Natural Science Foundation of 
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