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Abstract
Key message Jasmonic acid and RAP2.6L are induced upon wounding but are not involved in cell proliferation dur-
ing healing in Arabidopsis hypocotyls.
Abstract Plants produce jasmonic acid in response to wounding, but its role in healing, if any, has not been determined. 
Previously, the jasmonic acid–induced transcription factor, RAP2.6L, related to APETALA 2.6-like, was identified as a spa-
tially expressed factor involved in tissue reunion in partially incised flowering stems of Arabidopsis. In the present study, we 
investigated the function of JA and RAP2.6L on wound healing using an Arabidopsis hypocotyl-grafting system, in which 
separated tissues are reattached by vascular tissue cell proliferation. The jasmonic acid–responsive genes AOS and JAZ10 
were transiently expressed immediately after grafting. We confirmed that the endogenous content of jasmonic acid-Ile, which 
is the bioactive form of jasmonic acid, increased in hypocotyls 1 h after grafting. Morphological analysis of the grafted 
tissue revealed that vascular tissue cell proliferation occurred in a similar manner in wild-type Arabidopsis, the jasmonic 
acid–deficient mutant aos, the jasmonic acid–insensitive mutant coi1, and in Arabidopsis that had been exogenously treated 
with jasmonic acid. RAP2.6L expression was also induced during graft healing. Because RAP2.6L expression occurred during 
graft healing in aos and coi1, its expression must be regulated via a jasmonic acid–independent pathway. The rap2.6L mutant 
and dominant repressor transformants for RAP2.6L showed normal cell proliferation during graft healing. Taken together, 
our results suggest that JA and RAP2.6L, induced by grafting, are not necessary for cell proliferation process in healing.
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Introduction

Plants have the ability to heal after being mechanically 
damaged. Their injured tissues are repaired by a stepwise 
process of cellular dedifferentiation, proliferation, and re-
differentiation. Specifically, when functioning properly, 
cell proliferation contributes to the mechanical strength of 
the healed wound, and these cells are the source of newly 
differentiated cells. Certain phytohormones seem to be 
involved in the regulation of cell proliferation during tis-
sue healing. Gibberellin was found to be needed to induce 
cell proliferation in incised tomato and cucumber hypoco-
tyls (Asahina et al. 2002), and auxin appears to control 
cell proliferation in incised Arabidopsis stems (Asahina 
et al. 2011). These two phytohormones act at the wound 
site from long distances as they are produced distally in 
apical buds or leaves. Conversely, the phytohormone jas-
monic acid (JA), which is involved in wound signaling 
and various biotic and abiotic stress signaling pathways, 
is produced at the wound site. JA induces expression of 
numerous genes after mechanical wounding (Creelman 
et al. 1992; Tian et al. 2003; Glauser et al. 2008; Chung 
et al. 2008). JA induce the defense compounds to increase 
the resistance of plants to feeding by insects and act to 
suppress growth for saving an energy cost for defense 
response (Koo 2017). Wound healing is also important 
for the survival and reproduction of plants. Thus, the 
responses of plants to wounding include tissue healing, 
immunity to insect feeding, and suppression of growth. 
The involvement of JA during wound healing has not been 
fully elucidated because characterizing and quantifying 
wound healing in plants is difficult. We previously estab-
lished a method for the morphological analysis of wound 
repair after grafting in the hypocotyl of Arabidopsis and 
found that a successful graft was formed by cell prolifera-
tion of vascular tissue induced by auxin (Matsuoka et al. 
2016).

The biosynthetic pathway of JA-Ile, which is the active 
form of JA, involves the following enzymatically con-
trolled steps (Schaller and Stintzi 2009; Wasternack and 
Hause 2013). Fatty acids are first converted sequentially 
into 12-oxo-phytodienoic acid (OPDA) in the chloroplast 
by the lipases lipoxygenase, allene oxide synthase (AOS), 
and allene oxide cyclase. Then, JA is synthesized from 
OPDA by various enzymes, including OPDA reductase 
3. Finally, jasmonate resistant 1 catalyzes the formation 
of JA-Ile, which is a ligand of the coronatine insensitive1 
(COI1) receptor (Yan et al. 2009). Expression of these 
JA-biosynthesis enzymes is rapidly induced upon wound-
ing and by JA as feedback (Bell and Mullet 1993; Bate 
et al. 1998; Stenzel et al. 2003; Suza and Staswick 2008). 
Because wounding and an increase in JA also rapidly 

induce the JA transcriptional repressor, jasmonate ZIM-
domain (JAZ) (Chung et al. 2008), JA is thought to be 
produced transiently and rapidly after wounding owing to 
both positive and negative feedback loops.

The expression of the genes encoding RAP2.6 and 
RAP2.6L, which are transcription activators containing sim-
ilar AP2 DNA-binding domains, are induced by JA (Wang 
et al. 2008; Krishnaswamy et al. 2011). RAP2.6L has been 
characterized as a spatially expressed transcription factor 
involved in healing of incised stem tissues in Arabidopsis in 
conjunction with the transcription factor ANAC071 (Asa-
hina et al. 2011). RAP2.6L was found to be expressed in 
the lower regions of injured stems after depletion of indole 
acetic acid (IAA). Exogenously applied JA also induced 
RAP2.6L expression. In plants, callus cells are considered to 
be undifferentiated and are often observed at the wound site. 
Shoot regeneration occurs in calli at wound sites under ex 
vitro conditions in potatoes and tomatoes (Lauer 1963; Joh-
kan et al. 2008). When RAP2.6L was nearly absent, regen-
eration of Arabidopsis shoots was prevented even though the 
culture medium contained auxin and cytokinin (Che et al. 
2006), which suggests that RAP2.6L is involved in cellular 
reprogramming and wound healing.

For the study reported herein, we demonstrated that JA 
biosynthesis and expression of RAP2.6L were induced dur-
ing grafting in Arabidopsis hypocotyls. However, JA and 
RAP2.6L activities were not required for hypocotyl tissue 
healing during grafting.

Materials and methods

Plant materials and growth conditions

Seeds of Arabidopsis thaliana ecotype Colombia-0 (Col-0) 
were surface-sterilized with sodium hypochlorite containing 
1% (w/v) active chloride for 6 min, vernalized at 4 °C over-
night, and then germinated and grown on 1.5% (w/v) agar 
medium spread over rectangular plastic plates containing 
half-strength Murashige and Skoog medium (denoted culture 
medium hereafter; Murashige and Skoog 1962) and 0.25% 
(w/v) sucrose in 1.5% (w/v) solidified agar under white light 
(60 µmol m−2 s−1) at 22 °C. The plastic plates were placed 
vertically in a growth chamber. The 35S::RAP2.6L-SRDX 
#1/#34 lines were constructed as described (Asahina et al. 
2011). Seeds of the rap2.6 (SAIL_1225_G09) line were 
purchased from the Nottingham Arabidopsis Stock Cen-
tre (Nottingham, UK), and seeds of the aos (dde2-2), coi1 
(SALK_035548), and rap2.6L (SALK_032496) lines were 
purchased from the Arabidopsis Biological Resource Center 
(Columbus, USA). The presence of the T-DNA insertion 
was confirmed by PCR using the primer pair described in 
Table S1. The frame-shift mutation in aos (dde2-2) was 
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confirmed by BstU I cleavage of the PCR product (von 
Malek et al. 2002). For treatment of 6 day-old roots with 
exogenous MeJA, the plants were transferred into cul-
ture medium that contained 10 µM MeJA and 0.1% (v/v) 
dimethylsulfoxide (DMSO).

Construction of vectors and transformants

To generate promoter-β-glucuronidase (GUS) reporters, 
the promoter regions of JAZ10, RAP2.6, and RAP2.6L were 
individually PCR-amplified with genomic DNA as the tem-
plate (primers are shown in Table S1). The PCR-amplified 
promoter fragments pJAZ10 and pRAP2.6L were individu-
ally cloned into pENTR/D-TOPO vectors (ThermoFisher 
Scientific) and then individually transferred into pKGWFS7 
vectors (Karimi et al. 2002) by the kit Gateway LR Clonase 
II Plus enzyme mix (ThermoFisher Scientific). The ampli-
fied fragment for pRAP2.6 was cloned into pCR2.1-Topo 
(ThermoFisher Scientific). The resulting construct, pCR2.1-
Topo-pRAP2.6, was then digested with Hind III and Xba I, 
and pRAP2.6 was then ligated into Hind III/Xba I–digested 
pBI121.

Vector constructs were introduced into Agrobacterium 
and then into Arabidopsis by the floral dip method (Clough 
and Bent 1998). Arabidopsis transformants were selected 
according to their resistance to kanamycin (50 µg/ml cul-
ture medium). Homozygous T3 or T4 lines were used for 
the study.

Grafting of Arabidopsis hypocotyls

Self-grafting was conducted according to the procedure of 
Matsuoka et al. (2016). From 6 day-old plants, grown as 
described above, hypocotyls were cut out at the middle, and 
then grafted to the remaining stumps using silicone tubings 
(0.3 mm i.d., 0.4 mm o.d.). Successfully grafted hypocotyls 
did not form adventitious roots on the hypocotyl surface. 
When grafting was not carried out, the cut surface of hypoc-
otyls was allowed to contact agar culture medium. In order 
to examine the effect of exogenous MeJA on grafted plants, 
seedlings were transplanted to a culture medium contain-
ing 1 µM MeJA and 0.1% (v/v) DMSO prior to grafting. If 
necessary, cotyledons of the grafted plants were treated with 
100 µM triiodobenzoic acid (TIBA) in 0.1% (v/v) DMSO as 
previously described (Matsuoka et al. 2016).

Confocal microscopy

Hypocotyl samples were fixed in ice-cold Farmer’s solution 
(3:1 (v/v) ethanol:acetic acid) overnight and then serially 
rehydrated starting from a 70% (v/v)  ethanol(aq) solution. 
The rehydrated samples were incubated in 0.2 M NaOH, 1% 
(w/v) sodium dodecyl sulfate at 37 °C overnight and then 

in 0.01% (w/v) α-amylase in phosphate-buffered saline at 
37 °C overnight. For staining by the pseudo-Schiff propid-
ium iodide method, samples were first incubated in 1% (w/v) 
periodic acid for 40 min and then in 100 mM sodium meta-
bisulfite, 100 mg/ml propidium iodide, 0.15 M HCl at room 
temperature for 90 min (Truernit et al. 2008). Histological 
sections were observed through a confocal laser-scanning 
microscope (TCS SP8, Leica) after incubation overnight 
in a chloral hydrate/glycerol/water solution (4:1:2 w/v/v). 
The excitation wavelength was 488 nm, and the emission 
wavelength region was from 550 to 720 nm. Z-stack images 
were acquired at 1 µm intervals for a total depth of at least 
100 µm. Each experiment was carried out with at least 20 
plants. Vascular tissue dimensions at the graft union were 
measured as previously described (Matsuoka et al. 2016).

Histochemistry of GUS activity

Plant samples were soaked in ice-cold 90% (v/v) acetone 
for 5  min. After washing with distilled water, samples 
were vacuum infiltrated with 100 mM sodium phosphate, 
pH 7.0, 10 mM EDTA, 0.1% (v/v) Triton X-100, 0.5 mM 
 K3Fe(CN)6, 0.5 mM  K4Fe(CN)6, 2 mM 5-bromo-4-chloro-
3-indolyl-β-glucuronide, 20% (v/v) methanol at room tem-
perature for 5 min and then the infiltrated samples were 
incubated at 37 °C for 1–3 h. Samples were then soaked in 
70% (v/v)  ethanol(aq) and then mounted in a chloral hydrate/
glycerol/water solution (4:1:2 w/v/v). Photographs of the 
GUS-stained plant samples were acquired under a stereomi-
croscope (M165FC, Leica).

qRT‑PCR

Harvested hypocotyls from ~ 30 plants were preserved in 
RNAlater solution (Qiagen). After removing that solution 
from the microcentrifuge tube, samples were ground with a 
micropestle in liquid nitrogen. Total RNA was extracted in 
a QIAshredder (Qiagen) using RNeasy Micro kit reagents 
(Qiagen). Total RNA (100 ng) was reverse transcribed using 
components from a PrimeScript RT Reagent kit with gDNA 
Eraser (Takara). qRT-PCR (in 20 µl total reaction volume; 
10 µl Fast SYBR Green Master Mix (ThermoFisher Scien-
tific), 1 µl cDNA and 0.2 µM of each primer; Table S1) was 
performed in a 7500 Fast Real-Time PCR system (Ther-
moFisher Scientific). Relative expression was normalized to 
the expression of ACT2 and calculated from three independ-
ent replicates.

Quantification of endogenous phytohormone

Intact and grafted hypocotyls (100 each) were harvested 
directly into liquid nitrogen, and the frozen samples were 
suspended in 1 ml of 80% (v/v)  methanol(aq) containing 
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 [2H2]JA,  [13C6]JA-Ile, and  [13C6]IAA as internal standards. 
Samples were homogenized for extraction of endogenous 
phytohormone, and the supernatants were individually 
loaded onto a Bond Elut C18 cartridge (Agilent Technolo-
gies). The solutions were concentrated to ~ 40 µl under a 
stream of nitrogen. Phytohormone analysis was carried out 
as previously described (Enomoto et al. 2017). Aliquots 
(2 µl) of each extract were subjected to liquid chromatogra-
phy-electrospray ionization-tandem mass spectrometry. A 
quadrupole tandem mass spectrometer (Agilent 6460 Tri-
ple Quadrupole mass spectrometer) with an electrospray ion 
source and an Agilent 1200 separation module was used 
in conjunction with a ZORBAX Eclipse XDB-C18 Rapid 
Resolution HD (2.1 mm × 50 mm, 1.8 µm particle size; Agi-
lent Technologies).

Results

Expression time course of JA‑related genes 
during grafting

To examine the roles of JA during grafting, we investigated 
the expression of AOS and JAZ10 using qRT-PCR. Expres-
sion of AOS and JAZ10 was drastically induced in response 
to grafting, peaking at 1 h after grafting (HAG) and then 
gradually decreasing to nearly the level found for intact 
hypocotyls by 24 HAG, but still significantly higher than 
intact hypocotyls (Fig. 1a, b). Induction of these genes by 1 
HAG occurred in the scions and stocks of the grafted plants 
and in non-grafted hypocotyls, suggesting that expression 
was a response to wounding (Fig. 1e, f). From days 1–7 after 
grafting (DAG), the expression AOS and JAZ10 remained 
significantly elevated compared with intact hypocotyls 
(Fig. 2a, b). For the histochemical assays of GUS stain-
ing induced by AOS and JAZ10 promoters, staining was 
mainly observed in the vascular tissue of the hypocotyls in 
pAOS::GUS and pJAZ10::GUS plants (Fig. 2e, f).

Expression of RAP2.6 also drastically increased 
between 1 and 3 HAG (Fig. 1c) and remained significantly 
elevated between 1 and 7 DAG (Fig. 2c), which was simi-
lar to that observed for AOS and JAZ10. RAP2.6 was also 
upregulated at 1 HAG in the scions and stocks in grafted 
and non-grafted hypocotyls (Fig. 1g). GUS staining owing 
to pRAP2.6::GUS expression was uniformly distributed 
in the grafted hypocotyls at 1 DAG, but GUS activity was 
not detected in the grafted region at 5 DAG (Fig. 2g). 
Conversely, expression of RAP2.6L occurred at 1 HAG, 
increased to its highest level by 3 HAG, and remained 
highly expressed until 5 DAG (Figs. 1d, 2d). Expression 
of RAP2.6L was greater in the stocks than in scions until 
24 HAG (Fig. 1h), and the greater expression in the stocks 
was detected in the vascular tissue of plants expressing 

pRAP2.6L::GUS at 1 DAG (Fig. 2h). GUS staining was 
observed in the vascular tissue of scions and stocks after 
3 DAG. RAP2.6 and RAP2.6L showed completely different 
expression patterns during grafting.

Determination of endogenous JA content 
during grafting

JA-responsive genes, AOS and JAZ10 were rapidly 
induced by 1 HAG and remained at significantly higher 
levels until 7 DAG. The endogenous levels of JA and JA-
Ile in the grafted hypocotyls were determined using liq-
uid chromatography-tandem mass spectrometry. JA was 
not detected in intact hypocotyls but was found in grafted 
hypocotyls by 1 HAG (Table 1). The amount of JA-Ile per 
grafted hypocotyl increased by ~ 180% of that found per 
intact hypocotyl at 1 HAG, although by 3 DAG no sig-
nificant difference in the JA-Ile concentration was found 
for intact and grafted hypocotyls. Conversely, endogenous 
IAA significantly increased by 3 DAG.

Morphology of the grafted sites in JA‑related 
mutants

Because the production of JA and expression of RAP2.6L 
were induced during hypocotyl grafting, we characterized 
the morphology of the graft site at 7 DAG in WT and 
the JA-related mutants aos, coi1, rap2.6, rap2.6L, rap2.6 
rap2.6L, RAP2.6L-SRDX #1, and RAP2.6L-SRDX #34. 
Using confocal laser-scanning microscopy, longitudinal 
sections were obtained from the hypocotyls of the plants 
that had been stained by the modified pseudo-Schiff pro-
pidium iodide method. In WT, horizontal growth of vas-
cular tissue was seen as a result of cell proliferation at the 
graft site, and the vascular tissue filled the gap between 
the scion and stock (Fig. 3a; yellow arrowheads). In addi-
tion, vertical growth of vascular tissue was also seen at 7 
DAG (Fig. S1A). We previously reported that cell prolif-
eration at the graft site of the anac071 anac096 double 
mutant was suppressed at 7 DAG (Fig. S2; Matsuoka et al. 
2016). Vertical cell proliferation was observed in aos, a 
mutant deficient in JA biosynthesis, and in coi1, a mutant 
insensitive to the action of JA (Fig. 3b, c and S1b, c). The 
width and length of the new vascular tissue in the WT 
graft were not significantly different from those in the aos 
and coi1 grafts (Fig. 3i, j). Cell proliferation of vascular 
tissue was also observed in the graft site of the rap2.6 and 
rap2.6L mutants, the rap2.6 rap2.6L double mutant, and 
the RAP2.6L-SRDX transformants that had suppressed the 
function of RAP2.6L (Fig. 3d–j, S1d–h and S3).
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Gene expression in JA‑related mutants 
during grafting

We analyzed expression of JA-responsive genes in the 
grafted hypocotyls of the JA-related mutants to exam-
ine the effects of JA on gene regulation during grafting. 

RAP2.6 was significantly suppressed in mutant coi1 
compared with WT at 3 DAG (Fig. 4a). RAP2.6 expres-
sion in aos was slightly, but not significantly, decreased 
in comparison with expression in WT at the same time. 
In contrast, no difference in RAP2.6L expression was 
seen for WT and its JA-related mutants (Fig. 4b). These 

Fig. 1  Gene expression during 
the initial 24 h after graft-
ing. Expression of AOS (a, e), 
JAZ10 (b, f), RAP2.6 (c, g), and 
RAP2.6L (d, h) analyzed by 
qRT-PCR and reported relative 
to ACT2 expression. Values are 
the mean ± standard deviation. 
Three independent experiments 
were performed. a–d Time-
courses for 0 h (before grafting) 
and at 1, 3, 6, and 24 HAG. 
Asterisks indicate statistically 
significant differences compared 
with expression in intact hypoc-
otyls (*P < 0.05, **P < 0.01; 
Dunnett’s test). Different letters 
indicate statistically significant 
differences (P < 0.05; Tukey’s 
test). e–h Scions and stocks 
from hypocotyls were each 
examined for GUS activity at 1 
and 24 HAG. Scions and stocks 
that were sampled immediately 
after cutting in the middle of the 
hypocotyl are labeled “Intact.” 
Non-grafted describes hypocot-
yls that were cut but not grafted
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results were supported by GUS staining, which was 
equally intense for pRAP2.6L::GUS in WT and coi1 back-
ground (Fig. 4d). To confirm that expression of the JA-
responsive genes could be induced by JA, the roots of the 
promoter::GUS lines were treated with MeJA. Induction 

of JAZ10 and RAP2.6 promoter activities in the roots was 
obviously enhanced by treatment with MeJA in compari-
son with the absence of MeJA (control); however, the 
RAP2.6L promoter activity was not affected by the pres-
ence of MeJA (Fig. S4). These results suggested that JA 
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Fig. 2  Gene expression during days 1 and 7 after grafting. Expres-
sion of AOS (a), JAZ10 (b), RAP2.6 (c), and RAP2.6L (d) analyzed 
by qRT-PCR and reported relative to ACT2 expression. Values are the 
mean ± standard deviation. Three independent experiments were per-
formed. Time-courses for 0 day (before grafting) and at 1, 3, 5, and 7 
DAG. Asterisks indicate statistically significant differences compared 

with expression in intact hypocotyls (*P < 0.05, **P < 0.01; Dun-
nett’s test). e–h Histochemistry of GUS staining under the control 
of the promoter-containing constructs pAOS::GUS, pJAZ10::GUS, 
pRAP2.6::GUS, and pRAP2.6L::GUS. Cleared hypocotyls are shown 
for 0 h (before grafting) and at 1, 3, 5 and 7 DAG. Red arrowheads 
indicate the position of each graft. Scale bars, 100 µm
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does not regulate RAP2.6L expression. Graft-induced 
expression of RAP2.6L further increased upon treatment 
of the auxin transport inhibitor, TIBA (Fig. S5).

The WT and JA-related mutants were not significantly 
different with respect to expression of CYCB1;1, a cell 
division marker (Fig.  4c), suggesting that JA did not 
affect graft-related cell proliferation. The relative expres-
sion of ANAC071 and ANAC096, which are important for 
graft-related cell proliferation, was similar for WT and 
the JA-related mutants (Fig. S6).

Effects of exogenous JA on grafting

To investigate the effects of exogenous JA on grafting, 
plants were grafted on culture medium containing 1 µM 
MeJA; this increased GUS activity in the graft vascular 
tissue of pJAZ10::GUS in the WT background with at 3 
DAG (Fig. 5a). In the aos background, GUS activity of 
pJAZ10::GUS was observed only upon MeJA application. 
These results indicated that the graft response to JA was 
enhanced when MeJA was present in the culture medium. 
In WT, shoot growth was inhibited by MeJA, but cells in 
vascular tissue in the grafts proliferated upon treatment 
with MeJA at 7 DAG (Fig. 5b and S7). No significant 
differences in the width and length of the vascular tis-
sue were apparent upon treatment with MeJA (Fig. 5c, 
d), suggesting that cell proliferation was not affected by 
exogenous MeJA application during grafting.

Discussion

JA is produced by grafting but does not contribute 
to the graft‑healing process

The production of JA and expression of genes that respond 
to JA occur rapidly at non-wounded sites that are directly 
connected via vascular tissue to the wounded site (Strat-
mann 2003; Glauser et al. 2009). To understand the sys-
temic JA-signaling mechanism(s), grafting experiments 
have been performed using WT and JA-related mutants 
of tomato and Arabidopsis (Li et al. 2002, 2005; Thatcher 
et al. 2009; Gasperini et al. 2015a). However, the effect(s) 
of JA on healing of the graft wound has not been studied 
in depth. Microarray analyses for a late time after grafting 
provided results for a few of the genes involved in JA bio-
synthesis in Arabidopsis and grapevine (Yin et al. 2012; 
Cookson et al. 2013). JA-responsive genes, including AOS 
and JAZ10, were induced within 1 h after wounding, and 
their expression levels would have reflected endogenous 
JA levels (Stenzel et al. 2003; Chung et al. 2008). During 
grafting of the hypocotyl in our study, expression of AOS 
and JAZ10 was rapidly induced at 1 HAG and remained 
upregulated from 1 to 7 DAG (Figs. 1a, b, 2a, b). The 
endogenous JA-Ile level increased at 1 HAG and returned 
to its normal level at 3 DAG (Table 1), suggesting that 
JA biosynthesis occurred only immediately after grafting. 
AOS and JAZ10 were expressed to the same extent even 
when the hypocotyl was cut but then not grafted (Fig. 1e, 
f). Therefore, the JA response is thought not to be affected 
by the conditions of the cut tissues (touching or not) dur-
ing grafting, i.e., the wound response will occur during 
grafting.

Studies that used Arabidopsis hypocotyls to examine 
grafting events found that healing is controlled by pro-
liferation and differentiation of vascular tissue cells and 
that auxin induces the process (Yin et al. 2012; Melnyk 
et al. 2015; Matsuoka et al. 2016). We observed prolifera-
tion of vascular tissue cells in the graft-repair site in WT 
and in mutants aos and coi1 (Fig. 3a–c, i, j). In addition, 
CYCB1;1 was expressed to approximately the same level 
in WT, aos, and coi1 by 3 DAG (Fig. 4c). We recently 
reported that ANAC071 and ANAC096 are essential for the 
proliferation of vascular tissue cells during grafting (Mat-
suoka et al. 2016). ANAC071 and ANAC096 were induced 
at the graft site in WT and in the JA-related mutants (Figs. 
S6a, b). These results are supported by studies that dem-
onstrated grafting in JA-related mutants of Arabidopsis 
and tomato (Li et al. 2002, 2005; Thatcher et al. 2009; 
Gasperini et al. 2015a). Therefore, JA, which is produced 
concomitantly with grafting, appears not to be essential 
for cell proliferation at the graft site. This result was 

Table 1  Endogenous phytohormone levels during grafting

Hypocotyls were harvested at 1 h and 3 days after grafting. JA, JA-
Ile, and IAA were extracted from 100 hypocotyls, and the levels of 
these phytohormones were determined using liquid chromatography-
tandem mass spectrometry. Values are reported as pg/hypocotyl. n.d. 
not detected. Asterisks indicate statistically significant differences 
compared with intact hypocotyls (**P < 0.01; Dunnett’s test)

Time after grafting

Intact 1 h 3 days

JA (pg/hypocotyl) rep.1 n.d 2.01 n.d
rep.2 n.d 1.43 n.d
rep.3 n.d 2.78 1.34

JA-Ile (pg/hypocotyl) rep.1 0.05 0.07 0.06
rep.2 0.05 0.08 0.05
rep.3 0.03 0.08 0.05

**p = 0.002
IAA (pg/hypocotyl) rep.1 0.82 1.05 1.75

rep.2 1.21 0.76 1.99
rep.3 0.98 0.78 1.89

**p = 0.001
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supported by Ikeuchi et al. (2017), who reported that JA 
related mutants showed callus formation at wound site of 
hypocotyl. The amounts of endogenous JA-Ile in intact 
hypocotyls were not different from those in hypocotyls 

at 3 DAG (Table 1). Repeated wounding increases the 
endogenous JA content and inhibits shoot growth (Zhang 
and Turner 2008), and root growth is reduced by repeated 
shoot wounding in a JA-dependent manner (Gasperini 

Vascular tissue width (μm)

 c
ut

 s
ur

fa
ce

0 50 100 150 200 250 300

sc
io

n
st

oc
k

In
ta

ct

WT rap2.6 rap2.6L rap2.6 rap2.6Laos coi1
RAP2.6L-SRDX #1 RAP2.6L-SRDX #34

++
++ ++

++
++

++
++

++
++

++
++

++

++
++

++
++

0

50

100

150

200

250

W
T

ao
s

co
i1

ra
p2

.6
ra

p2
.6

L
ra

p2
.6

 ra
p2

.6
L

R
A

P2
.6

L-
SR

D
X  

#1
R

A
P2

.6
L-

SR
D

X 
#3

4

WT aos coi1 rap2.6

rap2.6L rap2.6 rap2.6L RAP2.6L-SRDX #34

(D)(C)(B)(A)

(H)(F)(E)

(I) (J)

(G)

RAP2.6L-SRDX #1

Va
sc

ul
ar

 ti
ss

ue
 le

ng
th

 (μ
m

)

n.s.
n.s.

n.s.

n.s.

Fig. 3  Morphology of the healed tissue at the graft site in the mutants 
and transformants. Longitudinal sections of vascular tissues from the 
propidium iodide–stained hypocotyls of WT (a), aos (b), coi1 (c), 
rap2.6 (d), rap2.6L (e), rap2.6 rap2.6L (f), RAP2.6L-SRDX #1 (h), 
and RAP2.6L-SRDX #34 (i) at 7 DAG observed by confocal laser-
scanning microscopy. Yellow arrowheads indicate each cut surface. 

Scale bars, 100 µm. i, j Boxplots of the widths (i) and lengths (j) of 
the healed hypocotyl vascular tissues in the mutants and transfor-
mants at 7 DAG. Diamond marks mean outlier. Red pluses denote 
statistically significant differences compared with intact hypocotyls 
(++, P < 0.01; Steel–Dwass test). n.s. not significant (P > 0.05)
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et al. 2015b). That is, repeated wounding would be in fact 
necessary for continuous production of JA to inhibit cell 
division. Our results indicated that JA production induced 
by grafting would not be sufficient to affect graft healing 
(Fig. 3a–c; Table 1). In addition, we also found that treat-
ment with exogenous JA did not inhibit cell proliferation 
in the graft of WT (Fig. 5a–c), we found that treatment 
with exogenous JA did not inhibit cell proliferation in the 
graft of WT (Fig. 5a–c). Therefore, neither endogenous 
nor exogenous JA induces cell proliferation during graft-
ing. JA is known to inhibit cell division, and treatment 
with JA prevents the G1/S cell-cycle transition in tobacco 
Bright Yellow 2 cells (Swiatek et al. 2002). Leaf growth is 
inhibited by application of exogenous JA, which has been 
shown to repress cell-cycle progression and DNA replica-
tion (Noir et al. 2013). At the grafted site, a new vascular 
cambium was found to form to allow for dedifferentiation 
of vessel elements and increase the mechanical strength of 

the healed site (Rhee and Somerville 1995; Vijayan et al. 
1998; Estrada-Luna et al. 2002). Treatment with exog-
enous JA does not inhibit secondary growth, which gives 
rise to cell division in the cambium (Tian et al. 2003; Sehr 
et al. 2010). Grafting and secondary growth may, there-
fore, have some common mechanisms that are related to 
cell division in the cambium.

To our knowledge, no studies have been reported con-
cerning JA-regulated wound healing—especially any that 
have focused on tissue healing. Conversely, many studies 
have found that an increase in JA correlates with an accu-
mulation of metabolites and differences in the expression of 
many proteins after wounding (Angelini et al. 2007; Gfeller 
et al. 2011; Lulai et al. 2011; Yuan-Yuan et al. 2013). JA is 
also known to induce a defense against attacks by patho-
gens as part of the wounding response (McConn et al. 1997; 
Vijayan et al. 1998; Yan et al. 2013). Inoculation with Phae-
omoniella chlamydospora suppressed the cell proliferation 
of vascular tissue during wound healing in grapevine trunk 
(Pierron et al. 2016), suggesting that defense response is 
important for normal wound healing. In our present study, 
because grafting and plant growth were aseptically per-
formed, the effect(s) of JA on graft healing may not have 
been observable.

RAP2.6L is induced through a JA‑independent 
pathway and does not contribute to graft healing

After grafting hypocotyls, RAP2.6L expression was induced 
in the stock, which corresponds to the lower region of an 
incised stem (Figs. 1h, 2h). Treatment with TIBA strongly 
enhanced RAP2.6L expression at the graft site (Fig. S5), a 
result consistent with the observation that RAP2.6L level 
increased with concomitant deprivation of auxin (Asahina 
et al. 2011). However, RAP2.6L expression was induced in 
WT and mutants aos and coi1 by grafting (Fig. 4b, d and 
S5). Treatment with exogenous JA did not induce RAP2.6L 
expression in roots (Fig. S4). In the time-course experi-
ments, RAP2.6L expression remained high between 1 and 5 
DAG in WT (Figs. 1d, 2d), although the expression of other 
JA-responsive genes had diminished by 3 HAG (Fig. 1a–c). 
These data suggest that RAP2.6L expression is induced via 
a JA-independent pathway during grafting. This observation 
may be related to a previous report that found that applica-
tion of JA to intact flowering stems did not strongly promote 
RAP2.6L expression (Asahina et al. 2011).

Although we hypothesized that RAP2.6L deficiency 
would inhibit cell proliferation at the graft site, cell prolifera-
tion was normal at the graft in the rap2.6L mutant (Fig. 3b, 
i, j) and at the graft site of the rap2.6 rap2.6L double 
mutant and at these of the RAP2.6L-SRDX transformants, 
which dominantly represses the target genes (Fig. 3f–j). 
These results indicate that RAP2.6L is not an activator of 
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proliferation of vascular tissue cells during grafting. The 
difference in the results for the incised stem and hypocotyl 
grafting may be a consequence of the different tissues in 
the organs because pith tissue is only found in the stem, 
which would cause the healing mechanism to differ some-
what according to the organ. The other possibilities are that 
the difference is attributed to the method of wounding (half 
cut or cut thoroughly), or RAP2.6L indirectly promotes cell 
division through a stress response in the incised flowering 
stem. Iwase et al. reported that RAP2.6L acts downstream 
of WOUND INDUCED DEDIFFERENTIATION1, which 
is necessary for wound-induced cellular reprogramming and 
is involved in shoot regeneration, but rap2.6 l mutant did 
not affect to cell proliferation of callus formation at wound 
hypocotyl (Iwase et al. 2016; Ikeuchi et al. 2017). In addi-
tion, adventitious buds have been observed to emerge from 
the graft sites in tomatoes (Winkler 1907; Bausher 2011). 
These observations demonstrate that shoot regeneration is 

possible during grafting. Therefore, RAP2.6L might pro-
mote shoot regeneration instead of cell proliferation during 
grafting, and this may be an additional function of RAP2.6L 
that includes allowing plants to tolerate being waterlogged 
and resist pathogens (Che et al. 2006; Sun et al. 2010; Liu 
et al. 2012).

In conclusion, our results show that JA production and 
RAP2.6L expression induced by wounding do not contrib-
ute to wound healing—as defined by cell proliferation that 
occurs during grafting.
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