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Abstract

Plant secondary metabolites make a great contribution to the agricultural and pharmaceutical industries. Their accumulation is
determined by the integrated transport of target compounds and their biosynthesis-related RNA, protein, or DNA. However, it is
hard to track the movement of these biomolecules in vivo. Grafting may be an ideal method to solve this problem. The differences
in genetic and metabolic backgrounds between rootstock and scion, coupled with multiple omics approaches and other molecular
tools, make it feasible to determine the movement of target compounds, RNAs, proteins, and DNAs. In this review, we will introduce
methods of using the grafting technique, together with molecular biological tools, to reveal the differential accumulation mechanism
of plant secondary metabolites at different levels. Details of the case of the transport of one diterpene alkaloid, fuziline, will be further
illustrated to clarify how the specific accumulation model is shaped with the help of grafting and multiple molecular biological tools.

The accumulation of secondary metabolites
is regulated by multiple factors
Plant secondary metabolites are usually defense com-
pounds responding to various biotic and abiotic stresses
[1–3]. They are also the main sources of one-third
of clinical drugs and their use is still increasing [4,
5]. Secondary metabolites customarily accumulate in
specific tissues in plants. In the tissues where they
accumulate these metabolites are mainly dependent
on the transport of intermediates or final products,
as well as the RNAs and proteins responsible for
the biosynthesis of target secondary metabolites [6].
Previously, Knowledge of the transport mechanisms of
these metabolites mostly focused on the direct transport
of compounds, primarily including diffusion, vesicle-
mediated transport, and transporter-mediated mem-
brane transport [7] (Fig. 1). Regarding these metabolites,
the transport of root-biosynthesized nicotine to leaves
resulted in the abundant accumulation of this alkaloid
in tobacco leaves [8]. Berberine also exhibited a similar
transport model, in which the compound biosynthesized
in goldthread roots would translocate to the rhizome and
accumulate there [9].

Until now, little information has been available regard-
ing the RNAs and proteins responsible for biosynthesis

due to the lack of attention paid to secondary metabo-
lites. It has been demonstrated that extensive movabil-
ity of RNAs and proteins occurs in model plants like
Arabidopsis and tobacco [10–14], indicating the possibil-
ity of transfer of these RNAs and proteins, which are
closely connected with secondary metabolite biosynthe-
sis. Therefore, the accumulation of particular target com-
pounds could be potentially reflected by the transport of
the metabolites, RNA, proteins, and other factors associ-
ated with their biosynthesis.

Grafting has been proved to be able to change the accu-
mulation of secondary metabolites [15–17], and presents
an emerging method to investigate transport mecha-
nisms at the different levels mentioned above.

Grafting is a potential method to study the
transport and accumulation mechanisms of
secondary metabolites
Grafting is a traditional horticulture technique used for
improving crop qualities [18–21]. Particularly, grafted
plants showed differential metabolite composition and
accumulation compared with non-grafted plants [15–17,
22]. Elevated levels of salicylic acid, benzoic acid, vanillin,
lignin, and polyamines accumulated in grafted peppers
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Figure 1. Three main transport modes of metabolites. Diffusion, vesicle-mediated transport, and transporter-mediated membrane transport.
Different-colored balls represent different metabolites.

compared with ungrafted ones [23]. Greater accumu-
lation of lycopene was also reported in the fruits of
grafted watermelon [24]. Together with the enhancement
of accumulation of particular secondary compounds,
grafting can also be used to determine their transport
directions. A typical case is Arabidopsis mutant grafting.
Exploring the long-distance movement of metabolites is
the initial motivation for Arabidopsis grafting [25, 26].
Transport directions of several metabolites, like phy-
tochelatins [27] and GA12 (gibberellic acid 12) [28, 29],
were successfully determined by Arabidopsis mutant
grafting. By grafting different Arabidopsis genotypes or
even different species, such as the wild type and a
mutant genotype lacking the particular metabolite or
pathway, the appearance of one target metabolite in
the mutant would signify its mobility [25, 26]. With
the rapid development of molecular technology and
multiomics analysis, specific metabolites [30–32], as well
as RNAs [11, 17, 33, 34], proteins [35–37], and even DNA
[37–40], were found to be transferred between scions
and rootstocks [41]. Their broad transport implies that
the differential accumulation of secondary metabolites
caused by grafting may not be restricted to the direct
transport of compounds but also involves RNAs, proteins,
and DNA.

In a nutshell, grafting can change the composition
and accumulation of metabolites in sampled plants,
and therefore provides an ideal experimental model for
studying the transport and accumulation mechanisms
of secondary metabolites.

Grafting leads to direct compound transport
Long-distance chemical transport in grafted plants con-
tributes significantly to the differential accumulation of

Figure 2. Schematic view of differential accumulation mechanism of
secondary metabolites in a grafted plant. Green icons represent
molecules from the scion; brown and purple represent molecules from
the rootstock. a Transfer of metabolites, RNA, and proteins. b DNA
methylation. c Transcriptional enhancement. d DNA translocation at
graft union.

specific secondary metabolites [42–44] (Fig. 2a). A typi-
cal example is nicotine. This compound was principally
considered to be produced in tobacco leaves, with the
observation that leaves accumulated a greater content of
nicotine than either roots or stems. However, many sub-
sequent investigations were irreconcilable with this view.
First, nicotine in tobacco leaves appeared to bear no con-
stant relationship to the size, growth, or any other mor-
phogenetic or physiological characteristic of the leaves
[45]. Secondly, most tobacco leaves kept a low content
of nicotine in the detached aerial parts of the plants
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when tobacco leaves and shoots in various developmen-
tal stages were removed from the roots [45–47]. These
results suggested that nicotine may not be produced in
the aerial portions at all but produced largely or perhaps
solely in roots. This hypothesis was further confirmed
by mutual grafting tests of tomato and tobacco [8, 48,
49]. As expected, the nicotine content increased by more
than 50 times in tomato scion when tobacco was used
as stock; however, it decreased by almost 90% in tobacco
scion when grafted to a tomato stock [8, 49]. This grafting
study indicated that nicotine was primarily synthesized
underground and then transported over a long distance,
eventually accumulating in leaves.

The case of nicotine transport provides a general idea
of how to use grafting to study the transport mecha-
nism of secondary metabolites. But there is a practical
limitation in that there is a strict need for a signifi-
cantly different content of target compounds in scion
and stock, or the absence of the target compound in
one of them. This places a complicated requirement on
the choice of which scions and stocks to combine, and
may even make grafting not possible for some constitu-
tive compounds. Mutant grafting or isotope labeling pro-
vides an alternative approach to providing a fundamen-
tal solution to this problem. Taking mutant grafting as an
example, 8-methylsulfinlyloctylglucosinolate (8MSO) is a
constitutive secondary metabolite exclusively found in
the Capparales [50]. Wild-type Arabidopsis and 8MSO-free
mutant grafting proved that the 8MSO that accumulated
principally in seeds was mostly transported from scion
leaves, together with a small portion from the rosette
leaves [50].

Isotope labeling, coupled with mutant grafting,
could be utilized to deeply explore the transport and
accumulation of secondary metabolites. Gene mutation
of the biosynthesis pathway of the target compound
produces a target-chemical-deficient plant, but the
presence of intermediates in the metabolic pathway
downstream of the mutated gene could result in the
emergence of the target compound. In other words,
the new accumulation of target metabolites in the
mutant caused by grafting may be the result of direct
transport not only of the metabolites themselves, but
also of their metabolic intermediates. Combined with
mutant grafting, isotope labeling is a potential solution
to this problem. For instance, reciprocal grafting with
different abscisic acid (ABA)-deficient mutants and wild-
type genotypes successfully confirmed the transport of
ABA in aerial organs to roots [51]. The transfer of ABA
itself was further confirmed by spraying isotope-labeled
[2H6]ABA on grafted tomato leaves and detecting the
labeled ABA in the roots [51]. Grafting is also used to
investigate the transporters associated with secondary
metabolites through a series of experiments, including
mutant grafting and isotope labeling. A long-distance
transport mechanism of cytokinins in Arabidopsis medi-
ated by cytokinin transporter AtABCG14 was successfully
illustrated recently via the proposed approaches [52].

Grafting induces DNA short-distance
transport and DNA methylation
DNAs could move from one plant species to another
by grafting [53] (Fig. 2d). These mobile DNAs include
not only the chloroplast genome and mitochondrial
genome but also the nuclear genome [37, 38, 40, 54, 55]
(Fig. 2d). The exchange of DNA through the graft junction
was firstly observed by grafting tobacco with different
antibiotic resistance and fluorescence in the stock
chloroplast genome and the scion nuclear genome [39].
A series of follow-up experiments successfully proved
the mobility of chloroplast [38], mitochondrial [55],
and nuclear genomes [37, 54]. Regarding secondary
metabolites biosynthesized, accumulated, or regulated
in chloroplasts [56, 57] or mitochondria [58, 59], if the
chloroplast genome and mitochondrial genome were
transported over a long distance, it could theoretically
anticipated to be detected in the remote graft partner,
but evidence for this has not been obtained yet. Grafting
does not appear to facilitate the long-distance transport
of DNA between scion and stock, because the sexual
reproduction of grafted plants still follows a similar
phenotype to the scion rather than the rootstock. In
fact, DNA transport is specifically localized in the
contact zone between scion and rootstock [60]. This was
verified by the appearance of the two entire nuclear
genomes from both scion and stock in the allopolyploid
species generated by culturing cells at graft junctions
[37]. For grafted plants, the short-distance transport of
genomes around the graft union, therefore, partially
determines the transport and accumulation of secondary
metabolites.

Grafting can alter the methylation of DNA as well
(Fig. 2b). For example, grafted rubber (Hevea brasiliensis)
scions exhibited epigenetic changes after grafting to
genetically distinct rootstocks [61]. As another case,
when the Valencia (VO) citrus scion variety was grafted
on the two rootstocks Rangpur lime (RL) and Sunki
Maravilha (SM), the two combinations presented poly-
morphic alterations of epigenetic marks for this crop
[62]. Additionally, there was a significant increase in
global DNA methylation in cucumber and melon scions
after heterografting onto pumpkin rootstocks [63]. These
results showed the universality of DNA methylation
induced by grafting.

DNA methylation induced by grafting seems to be
heritable, due to the fact that the sexual progenies of
scions displayed methylation patterns similar to those of
heterografting-derived scions [17, 64]. The transport of 15
variant MSAP (methylation-sensitive amplified polymor-
phism) loci that occurred in tomato scions or eggplant
scions to their respective self-pollinated progenies was
detected; moreover, at least 11 of out these 15 loci showed
a high level of inheritance (83.3–100%) [64]. What is worth
mentioning is that the heritability of DNA methylation
is reversible over generations. In grafting between
Brassica juncea and Brassica oleracea, DNA methylation in
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grafting-selfing generation 1 exhibited 5.29–6.59% methy-
lation changes compared with parental plants, and
31.58% of these changes were stably transmitted to
grafting-selfing generation 5, but the remainder reverted
to the original status over generations [65]. Despite the
lack of a direct relationship between graft-induced DNA
methylation and secondary metabolites, evidence for
DNA methylation affecting secondary metabolism in
non-grafted plants has been found [66], suggesting the
possibility of grafting-induced DNA methylation that
directly or indirectly enables regulation of the synthesis,
transport, or accumulation of secondary metabolites.

Since current studies document that DNA can be
transported over a only short distance by the graft
union, we tentatively consider that DNA transport is not
the pivotal element for the accumulation of secondary
metabolites. The heritability of DNA methylation and its
potential regulation for secondary metabolism implies
that the transport and accumulation of secondary
metabolites in grafted plants may be mainly regulated
by epigenetic modification rather than DNA transport.

Grafting induces transcription
enhancement and RNA transport
In general, the accumulation of secondary metabolites is
positively correlated with the expression of their biosyn-
thetic genes. Grafting has been reported to stimulate
the expression of these specific structural genes, thereby
increasing the synthesis and accumulation of related
products [22, 67]. Graft-induced transcriptional enhance-
ment (Fig. 2c) is caused by two factors: grafting itself and
the interaction between scion and rootstock [68–70].

The transcriptional enhancement induced by grafting
itself was evidenced by self-grafting [68]. A 2.5-fold
increase in transcription of argonaute gene 1 was
detected in self-grafted tomato compared with its non-
grafted counterpart [68], implying the ability of the
graft itself to overexpress specific genes. Although the
mechanism of transcriptional enhancement induced
by grafting itself is still unknown, researchers tend to
regard grafting as a stimulus or stress and regard the
transcriptional enhancement as a result of the response
to this stimulus/stress [48]. It is also considered one of
the reasons why self-grafting is often used as a control
in heterografting surveys.

Interaction between heterogenous rootstock and
scion promoted transcription enhancement. When a
grapevine grafting used the ‘Gaglioppo’ variety as scion
and grafted it onto 13 different rootstocks, 5 of the
13 grafted grapevine leaves kept a high variability in
gene expression, especially significant modulation of
transcripts linked to primary and secondary metabolism
(e.g. through the upregulation of ∼40 genes coding
for stilbene synthases) [67]. In contrast to self-grafting
(watermelon/watermelon), grafting watermelon onto
bottle gourd and squash rootstocks, respectively, induced
the differential expression of 787 and 3485 genes

associated with primary and secondary metabolism,
hormone signaling, and transcription factors [71].

Aside from transcriptional enhancement, grafting
could facilitate RNA mobility through the graft union
as well [72] (Fig. 2a). The graft-mediated long-distance-
transported RNA principally includes mRNAs and small
RNAs [73]. Three stock-derived mRNAs responsible
for auxin signal transduction were transferred from
melon stock to pumpkin scion [74]. GIBBERELLIC ACID
INSENSITIVE (GAI) mRNA, as a transcriptional regulator
of gibberellic acid response genes, was demonstrated
to be transported via the graft union and functioned at
the shoot apex of the scion [75–77]. Along with mRNA,
several specific small RNAs, like microRNA and siRNA,
could also travel a long distance through the graft union.
Grafting microRNA-miR399-overexpressing Arabidopsis
scion onto the wild-type rootstock of Arabidopsis led to
the accumulation of miR399 in wild-type roots [78, 79].
Graft transmission of miR172 from overexpressing scion
to wild-type potato stock was observed [80]. Furthermore,
endogenous siRNA could move through the graft union
and function in the recipient cells as well [81], and it
has been expected that mobile small RNAs potentially
function as something like epigenetic modification
messages in the plant body [81].

Despite the accumulated documentation of RNA
transport in grafted plants, it has rarely been shown
whether long-distance-transportable RNA is directly
involved in secondary metabolite synthesis. The syn-
thesis and accumulation of secondary metabolites are
regulated by a couple of factors, including hormones
[82–84] and transcriptional regulatory factors [85–87].
Some mobile RNAs have been proved to participate in
the regulation of hormones like gibberellic acid [75–
77] or as transcriptional regulators [88] to regulate
plant metabolism. This suggests that the contribution
of mobile RNA to the accumulation of secondary
metabolites is to some extent achieved through indirect
regulation or a series of cascade processes.

Grafting promotes the increased
accumulation and transport of proteins
Grafting induces the accumulation of specific proteins.
The accumulated protein responsible for secondary
metabolites, intriguingly, has been successfully verified
in graft plants [89]. A homograft of pecan exhibited a
dynamic proteome change in which ∼49 proteins in >2-
fold expression difference were associated with multiple
metabolic processes compared to un-grafted pecan,
including secondary metabolism [90]. Additionally, five
proteins related to flavonoid biosynthesis were observed
by the comparative proteomic analysis of graft unions in
hickory [16].

Typically, the content of a protein is positively
correlated to the expression of its coding mRNA in
most cases, particularly when the target traits have
appeared. As mentioned above, grafting stimulates and
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Figure 3. Grafting Aconitum vilmorinianum and A. carmichaeli onto each other determine the transport direction of fuziline. Fuziline is specifically
accumulated in A. carmichaeli rather than in A. vilmorinianum. The minus sign (−) represents the lack of fuziline, while + represents the existence of
fuziline in samples. a Detection of fuziline in neither scion nor stock of A. vilmorinianum suggests the immovability of fuziline. b Observation of fuziline
in A. vilmorinianum scion but not in A. vilmorinianum stock indicates that fuziline may be transported from the underground part to the aboveground
part. c Observation of fuziline in A. vilmorinianum stock but not in A. vilmorinianum scion indicates fuziline may be transported from the aboveground
part to the underground part. d If fuziline is detected in both A. vilmorinianum scion and stock, fuziline may be transported bidirectionally.

promotes a large accumulation of mRNAs in specific
tissues. Not surprisingly, grafting would eventually
elevate their translated proteins [16, 90, 91]. Together
with mRNA translation, the proteins could be directly
transported a long distance from scion to stock or vice
versa, independently of their coding mRNAs (Fig. 2a).
Investigations have shown that pear polygalacturonase-
inhibiting proteins (pPGIP) were successfully detected
in scions but without the appearance of PGIP-encoding
RNA when grafting wild-type tomato and grapevine onto
their corresponding pPGIP-expressing rootstocks [92].
Moreover, RT–PCR and northern blotting demonstrated
that protein products rather than mRNA transcripts were
translocated across graft junctions when two cucurbit
structural P-proteins, PP1 and PP2, were examined in
intergeneric grafts [93]. Under some circumstances,
proteins and their coding mRNAs could be transferred
together from donors to recipients. It has been widely
confirmed that FLOWERING LOCUS T (FT) protein, a sys-
temic florigenic signal, could move from stock to scion
apex [13, 94, 95]. Irrespective of FT protein, FT mRNA
of Arabidopsis underwent long-distance movement from
the stock to the scion apex [96]. The accumulation of
FT proteins in the scion apex is partly derived from
direct transport of stock FT proteins and others from
the transport of FT mRNA and its translation.

Recent proteomic and metabolomic analyses suggest
that grafting promotes the accumulation of proteins
related to the synthesis of specific secondary metabo-
lites. Only a few studies, however, have focused on
whether these increasing proteins are derived from the
translation of large amounts of their coding mRNAs or
the movement from graft partners. On the basis of the
investigations mentioned above, secondary metabolite-
related proteins are potentially transported, or generated
from the transported mRNA or both, and then lead to
alterations in metabolites after grafting.

Differential accumulation mechanism of
one diterpene alkaloid
As outlined above, grafting is an emerging technology for
investigating the spatial transport and accumulation of
the target metabolites. Based upon our previous work on
diterpene alkaloids in Aconitum spp. [97–99], here we take
fuziline, a typical diterpene alkaloid that accumulates
to a high level in Aconitum carmichaeli, as an example to
illustrate how to use grafting to reveal the transport and
accumulation mechanisms of this secondary metabolite
(Figs 3 and 4).

The transport directions of fuziline are determined by
mutual grafting of A. carmichaeli and A. vilmorinianum and
then detecting the presence of fuziline in the grafted A.
vilmorinianum parts. Potential conclusions are given in
Fig. 3a–d. As we mentioned above, differential accumu-
lation of target products is not merely determined by the
transport of the compound itself but is also due to the
translocation of synthesis-related precursors, mRNAs or
proteins. Here, we consider the possibility that fuziline
is transported from stock to scion (Fig. 3b) to further
elucidate how to elucidate the differential accumulation
mechanism at multiple levels (Fig. 4).

Based on the appearance of fuziline via metabolome
analysis, a series of experiments, e.g. transcriptomics and
proteomics coupled with RT–PCR, western blotting, or
other tools, are conducted to further confirm whether
or not the presence of rootstock-specific fuziline in the
scion is caused by the potential transfer of biosynthesis-
related precursors (like ent-kaurene, a precursor of diter-
pene alkaloids), RNAs, or proteins. The target fuziline
biosynthesis-related mRNAs and proteins are first picked
out by comparative omics analysis of grafted materials
and then are further verified by RT–PCR and western
blot analysis (Fig. 4). The following are foreseeable con-
sequences. (i) As long as the western blotting result is



6 | Horticulture Research, 2022, 9: uhac050

Figure 4. Flow chart for exploring the differential accumulation mechanism of fuziline.

negative, the accumulated fuziline in the scion definitely
derives from direct transport from stock, regardless of
whether or not the precursors and mRNAs are trans-
ported (Fig. 4a). (ii) If RT–PCR is negative but western
blotting and fuziline precursors are positive, this indi-
cates that target precursors and proteins are transported
together from stock to scion, and fuziline is synthesized
in the scion (Fig. 4b). (iii) A positive western blotting
result but negativity for RT–PCR and fuziline precursors
suggests that the movement of fuziline-related proteins
but not mRNA or precursors is the key factor in fuzi-
line accumulation; the target proteins are transported
to the scion and they use scion-derived precursors as
substrates to synthesize fuziline (Fig. 4c). (iii/iv) Positive
positivity for both RT–PCR and western blotting indicates
that at least target mRNAs could be moved from stock
to scion (Fig. 4d and e), but we cannot assert that the
related proteins are transported from stock to scion as
well, because of the existence of target proteins from the
translation of coding mRNAs in the scion. Whether the
target proteins are transported could be further deter-
mined by testing target proteins in the phloem sap of
the scion.

The above process is outlined under an ideal exper-
imental condition, but the feasibility of the proposed
experimental design needs to be considered in the real
situation. Generally, plants in the same family have more
similar genetic backgrounds, which leads to the potential
difficulty of designing specific RT primers or antibodies

Figure 5. Degradation of RNA and protein in grafted plants. Green icons
represent molecules from the scion and brown icons represent
molecules from the rootstock. a RNA degradation during transport.
b Protein degradation during transport.

to identify the target mRNAs and proteins. Recently, it
has become possible to create an increasing number
of successful grafts of two plant families in distant
phylogenetic relationship. For instance, Nicotiana species
displayed great potential for interfamily grafting [100].
When 7 Nicotiana species were grafted to 84 species
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belonging to 42 families, perfect grafting combinations
were found with 73 species in 38 families [100]. It is worth
considering the use of Nicotiana species as a candidate
grafting partner to study the transport and accumulation
of specific metabolites of fuziline.

The case of fuziline we discuss above is mainly
focused on the protein-encoding genes that are directly
involved in the synthesis of fuziline. Grafting also leads
to epigenetic modification and the transport of many
transcriptional regulators, which participate indirectly in
the regulation of their synthesis and accumulation. The
mechanisms underlying these aspects require further
exploration.

Perspectives
Differential accumulation mechanisms for most sec-
ondary metabolites are still unknown. Many valuable
secondary metabolites are derived from non-model
plants, and the lack of mature genetic transforma-
tion systems or mutants limits further surveys of
the differential accumulation mechanisms of these
metabolites [101]. To a certain degree, reasoned selection
of combinations of stock and scion, combined with
integrated omics approaches and other tools, offers the
possibility of solving this problem.

Furthermore, degradation of long-distance-transported
mRNAs and proteins (Fig. 5) is general in planted
plants, and is confirmed by mutant grafting of Nicotiana
benthamiana [102] and Jatropha curcas [103]. The influence
of the stock on the scion, therefore, will diminish as the
scion grows. We cannot deny the presence of protein
or RNA transport if they are not detected, due to their
potential degradation during transfer.
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a review. Acta Physiol Plant. 2020;42:1–13.

57. Zhang LX, Guo QS, Chang QS et al. Chloroplast ultrastructure,
photosynthesis and accumulation of secondary metabolites
in Glechoma longituba in response to irradiance. Photosynthetica.
2015;53:144–53.

58. Kicinska A, Jarmuszkiewicz W. Flavonoids and mitochondria:
activation of cytoprotective pathways? Molecules. 2020;25:3060.

59. Li X, Chai Y, Yang H et al. Isolation and comparative proteomic
analysis of mitochondria from the pulp of ripening citrus fruit.
Hortic Res. 2021;8:1–16.

60. Haroldsen VM, Szczerba MW, Aktas H et al. Mobility of trans-
genic nucleic acids and proteins within grafted rootstocks for
agricultural improvement. Front Plant Sci. 2012;3:39.

61. Uthup TK, Karumamkandathil R, Ravindran M, et al. Hetero-
grafting induced DNA methylation polymorphisms in Hevea
brasiliensis. Planta 2018;248:579–89.

62. Neves DM, da Hora Almeida LA, Santana-Vieira DDS et al.
Recurrent water deficit causes epigenetic and hormonal
changes in citrus plants. Sci Rep. 2017;7:13684.

63. Avramidou E, Kapazoglou A, Aravanopoulos FA et al. Global
DNA methylation changes in Cucurbitaceae inter-species graft-
ing. Crop Breed Appl Biotechnol. 2015;15:112–6.

64. Wu R, Wang X, Lin Y et al. Inter-species grafting caused
extensive and heritable alterations of DNA methylation in
Solanaceae plants. PLoS One. 2013;8:e61995.

65. Cao L, Yu N, Li J et al. Heritability and reversibility of DNA
methylation induced by in vitro grafting between Brassica juncea
and B. oleracea. Sci Rep. 2016;6:27233.

66. Yang D, Huang Z, Jin W et al. DNA methylation: a new regulator
of phenolic acids biosynthesis in Salvia miltiorrhiza. Ind Crops
Prod. 2018;124:402–11.

67. Chitarra W, Perrone I, Avanzato CG et al. Grapevine graft-
ing: scion transcript profiling and defense-related metabolites
induced by rootstocks. Front Plant Sci. 2017;8:654.

68. Spano R, Mascia T, Kormelink R et al. Grafting on a non-
transgenic tolerant tomato variety confers resistance to the
infection of a sw5-breaking strain of tomato spotted wilt virus
via RNA silencing. PLoS One. 2015;10:e0141319.



Dong et al. | 9

69. Han Y, Grierson D. Enhancement of post-transcriptional gene
silencing by grafting. Plant Signal Behav. 2008;3:30–3.

70. Luo L, Zheng Y, Gao Z et al. Grafting improves drought stress
memory by increasing the P5CS1 gene expression in Brassica
rapa. Plant Soil. 2020;452:61–72.

71. Liu N, Yang J, Fu X et al. Genome-wide identification and
comparative analysis of grafting-responsive mRNA in water-
melon grafted onto bottle gourd and squash rootstocks by high-
throughput sequencing. Mol Gen Genomics. 2016;291:621–33.

72. Kehr J, Kragler F. Long distance RNA movement. New Phytol.
2018;218:29–40.

73. Harada T. Grafting and RNA transport via phloem tissue in
horticultural plants. Sci Hortic. 2010;125:545–50.

74. Omid A, Keilin T, Glass A et al. Characterization of phloem-sap
transcription profile in melon plants. J Exp Bot. 2007;58:3645–56.

75. Huang NC, Yu TS. The sequences of Arabidopsis GA-
INSENSITIVE RNA constitute the motifs that are necessary and
sufficient for RNA long-distance trafficking. Plant J. 2009;59:
921–9.

76. Haywood V, Yu TS, Huang NC et al. Phloem long-distance
trafficking of GIBBERELLIC ACID-INSENSITIVE RNA regulates
leaf development. Plant J. 2005;42:49–68.

77. Xu H, Zhang W, Li M et al. Gibberellic acid insensitive mRNA
transport in both directions between stock and scion in Malus.
Tree Genet Genomes. 2010;6:1013–9.

78. Pant BD, Buhtz A, Kehr J et al. MicroRNA399 is a long-distance
signal for the regulation of plant phosphate homeostasis. Plant
J. 2008;53:731–8.

79. Pant BD, Musialak-Lange M, Nuc P et al. Identification of
nutrient-responsive Arabidopsis and rapeseed microRNAs by
comprehensive real-time polymerase chain reaction profiling
and small RNA sequencing. Plant Physiol. 2009;150:1541–55.

80. Martin A, Adam H, Díaz-Mendoza M et al. Graft-transmissible
induction of potato tuberization by the microRNA miR172.
Development. 2009;136:2873–81.

81. Dunoyer P, Brosnan CA, Schott G et al. An endogenous, systemic
RNAi pathway in plants. EMBO J. 2010;29:1699–712.

82. Menke FL, Champion A, Kijne JW et al. A novel jasmonate-
and elicitor-responsive element in the periwinkle secondary
metabolite biosynthetic gene Str interacts with a jasmonate-
and elicitor-inducible AP-domain transcription factor, ORCA2.
EMBO J. 1999;18:4455–63.

83. Shitan N, Sugiyama A, Yazaki K. Functional analysis of
jasmonic acid-responsive secondary metabolite transporters.
Methods Mol Biol. 2013;1011:241–50.

84. Abbasi BH, Stiles AR, Saxena PK et al. Gibberellic acid increases
secondary metabolite production in Echinacea purpurea hairy
roots. Appl Biochem Biotechnol. 2012;168:2057–66.

85. van der Fits L, Memelink J. ORCA3, a jasmonate-responsive
transcriptional regulator of plant primary and secondary
metabolism. Science. 2000;289:295–7.

86. Schluttenhofer C, Yuan L. Regulation of specialized
metabolism by WRKY transcription factors. Plant Physiol. 2015;
167:295–306.

87. Patra B, Schluttenhofer C, Wu Y et al. Transcriptional regulation
of secondary metabolite biosynthesis in plants. Biochim Biophys
Acta. 2013;1829:1236–47.

88. Zheng X, Zhao Y, Shan D et al. MdWRKY9 overexpression
confers intensive dwarfing in the M26 rootstock of apple by
directly inhibiting brassinosteroid synthetase MdDWF4 expres-
sion. New Phytol. 2018;217:1086–98.

89. Deng WW, Li M, Gu C-C et al. Low caffeine content in novel
grafted tea with Camellia sinensis as scions and Camellia oleifera
as stocks. Nat Prod Commun. 2015;10:789–92.

90. Mo Z, He H, Su W, et al. Analysis of differentially accumulated
proteins associated with graft union formation in pecan (Carya
illinoensis). Sci Hortic. 2017;224:126–34.

91. Xu Y, Yuan Y, Du N et al. Proteomic analysis of heat stress
resistance of cucumber leaves when grafted onto Momordica
rootstock. Hortic Res. 2018;5:53–3.

92. Aguero CB, Uratsu SL, Greve C et al. Evaluation of tolerance
to Pierce’s disease and Botrytis in transgenic plants of Vitis
vinifera L. expressing the pear PGIP gene. Mol Plant Pathol. 2005;6:
43–51.

93. Golecki B, Schulz A, Thompson GA. Translocation of structural
P proteins in the phloem. Plant Cell. 1999;11:127–40.

94. Notaguchi M, Abe M, Kimura T et al. Long-distance, graft-
transmissible action of Arabidopsis FLOWERING LOCUS T pro-
tein to promote flowering. Plant Cell Physiol. 2008;49:1645–58.

95. Lin MK, Belanger H, Lee Y-J et al. FLOWERING LOCUS T protein
may act as the long-distance florigenic signal in the cucurbits.
Plant Cell. 2007;19:1488–506.

96. Lu KJ, Huang NC, Liu YS et al. Long-distance movement of
Arabidopsis FLOWERING LOCUS T RNA participates in systemic
floral regulation. RNA Biol. 2012;9:653–62.

97. Shen Y, Liang WJ, Shi YN et al. Structural diversity, bioactivities,
and biosynthesis of natural diterpenoid alkaloids. Nat Prod Rep.
2020;37:763–96.

98. Zhao D, Shen Y, Shi Y et al. Probing the transcriptome of Aconi-
tum carmichaelii reveals the candidate genes associated with
the biosynthesis of the toxic aconitine-type C19-diterpenoid
alkaloids. Phytochemistry. 2018;152:113–24.

99. Shi Y, Zhao Y, Qian J et al. Aconitum diterpenoid alkaloid pro-
filing to distinguish between the official traditional Chinese
medicine (TCM) fuzi and adulterant species using LC-qToF-MS
with chemometrics. J Nat Prod. 2021;84:570–87.

100. Notaguchi M, Kurotani K-I, Sato Y et al. Cell-cell adhesion
in plant grafting is facilitated by β-1,4-glucanases. Science.
2020;369:698–702.

101. Lv H, Li J, Wu Y et al. Transporter and its engineering for sec-
ondary metabolites. Appl Microbiol Biotechnol. 2016;100:6119–30.

102. Xia C, Zheng Y, Huang J et al. Elucidation of the mechanisms
of long-distance mRNA movement in a Nicotiana benthami-
ana/tomato heterograft system. Plant Physiol. 2018;177:745–58.

103. Tang M, Bai X, Wang J et al. Efficiency of graft-transmitted JcFT
for floral induction in woody perennial species of the Jatropha
genus depends on transport distance. Tree Physiol. 2021;42:
189–201.


	Grafting: a potential method to reveal the differential accumulation mechanism of secondary metabolites
	The accumulation of secondary metabolites is regulated by multiple factors
	Grafting is a potential method to study the transport and accumulation mechanisms of secondary metabolites
	Grafting leads to direct compound transport
	Grafting induces DNA short-distance transport and DNA methylation 
	Grafting induces transcription enhancement and RNA transport
	Grafting promotes the increased accumulation and transport of proteins
	Differential accumulation mechanism of one diterpene alkaloid 
	Perspectives
	Author contributions
	Conflict of interest


