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Cell-cell adhesion in plant grafting is facilitated
by b-1,4-glucanases
Michitaka Notaguchi1,2,3,4*, Ken-ichi Kurotani1, Yoshikatsu Sato3,5, Ryo Tabata2, Yaichi Kawakatsu2,
Koji Okayasu2, Yu Sawai2,4, Ryo Okada2, Masashi Asahina6, Yasunori Ichihashi7,8, Ken Shirasu7,9,
Takamasa Suzuki10, Masaki Niwa2,4, Tetsuya Higashiyama3,5,9

Plant grafting is conducted for fruit and vegetable propagation, whereby a piece of living tissue is
attached to another through cell-cell adhesion. However, graft compatibility limits combinations to
closely related species, and the mechanism is poorly understood. We found that Nicotiana is capable of
graft adhesion with a diverse range of angiosperms. Comparative transcriptomic analyses on graft
combinations indicated that a subclade of b-1,4-glucanases secreted into the extracellular region
facilitates cell wall reconstruction near the graft interface. Grafting was promoted by overexpression
of the b-1,4-glucanase. Using Nicotiana stem as an interscion, we produced tomato fruits on rootstocks
from other plant families. These findings demonstrate that the process of cell-cell adhesion is a potential
target to enhance plant grafting techniques.

P
lant grafting has been applied to im-
prove crop traits for thousands of years
(1). Wound healing allows growth of two
ormore segments of connected plant tis-
sue to grow as a single plant (2–4). Graft-

ing has been used to propagate fruit trees and
vegetables. With grafting, root (stock) character-
istics, such as disease resistance and tolerance of
unfavorable soil conditions, can support growth
of favored fruit and vegetable characteristics
from the shoot (scion) (1, 5). Grafting is also used

to study systemic signaling in plants and long-
distance vascular transport (6–9). Although graft-
ing is most successful between members of the
same family (2–4, 6), several interfamily graft
combinations have been reported (10–14): A
Nicotiana benthamiana scion (Nb, Solanaceae)
can be grafted onto an Arabidopsis thaliana
stock (At, Brassicaceae) (15), although the Nb
scion grows slowly (fig. S1 and movie S1).
Here, we studied interfamily graft combina-

tions. We observed that Nicotiana shows graft-

ing potential with phylogenetically distant
plant species: Interfamily grafts survived for
more than 1 month (Fig. 1 and tables S1 and
S2). With Chrysanthemum morifolium (Cm,
Asteraceae), we conducted Cm/Cm homografts
(scion/stock notation) and interfamily grafts
with Glycine max (Gm, soybean, Fabaceae)
and Nb. Cm/Cm homografts established and
the Cm scions produced flowers, whereas the
Gm/Cm interfamily grafts did not establish
and the Gm scions died (Fig. 1, A and B). By
contrast, inNb/Cm interfamily grafts, theNb
scions established and grew (Fig. 1C). TheNb
scion grew for more than 3 months until set-
ting seeds. Nicotiana interfamily grafting was
also successful with Nb as the stock (fig. S1C).
In transverse sections of the graft junctions,

a necrotic layer was visible at the graft bound-
ary in unsuccessful Gm/Cm interfamily grafts
but developed only weakly in successful Cm/Cm
homografts and Nb/Cm interfamily grafts 2
weeks after grafting (Fig. 1, D to F). Necrotic
layer formation is an indicator of incompat-
ibility in cell-cell adhesion in grafting (12–14).
Thus,Nb/Cm grafts showed interfamily cell-cell
adhesion. Unsuccessful interfamily Gm/Cm
grafts had folded cell wall remnants caused
by graft injury (Fig. 1G), whereas successful
Nb/At interfamily grafts formed a thin cell
wall at the graft interface (Fig. 1, H to K, and
fig. S2). Thus, Nb can accomplish cell-cell ad-
hesion in interfamily combinations.
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Fig. 1. Nicotiana interfamily graft-
ing establishes through cell-cell
adhesion. (A to C) Interfamily grafts,
shown at 4 weeks after grafting
between the Cm, Gm, and Nb scions,
respectively, and the Cm stock. Yellow
arrowheads denote graft junctions.
Scale bars, 10 cm. (D to F) Transverse
sections made at graft junctions
shown in (A) to (C). Dashed rectan-
gles indicate the position of insets.
St, stocks; Sc, scions. Scale bars,
1 mm. (G and H) Transmission
electron microscopy (TEM) images
near the junction of the Gm/Cm (G)
and Nb/At (H) interfamily grafts.
Scale bars, 5 mm. (I to K) TEM images
of serial sections of a cell-cell boundary
at the graft interface of a Nb/At
interfamily graft at 14 DAG. Arrows
highlight the thickness of the cell
wall between two cells. Scale bars,
1 mm. (L) Phylogenetic trees showing
plant families for which Nicotiana
plants (arrowhead) have preserved
grafting beyond the family (arrows).
Plant families including major crops
are indicated in red. Abbreviations for
plants used in transcriptome analysis
are indicated in parentheses.
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We then examined the range of angiosperms
with which Nicotiana can establish grafts. We
conducted grafting experiments using plants
of seven Nicotiana species and an interfam-
ily partner from 84 species in 42 families,
chosen from among 416 angiosperm families
(16). Nicotiana species, used as either scion
or stock, supported interfamily grafting with
73 species from 38 families, including two
species of magnoliids, five species of mono-
cots, and 65 species of eudicots, including var-
ious vegetable, flower, and fruit tree crops (Fig.
1L, fig. S3, and tables S1 and S2). Thus,Nicotiana
plants can graft to a range of angiosperms.
To examine the cellular mechanism of

Nicotiana interfamily grafting, we analyzed
transcriptomes at graft junctions from Nb/At

interfamily grafts from 2 hours to 28 days after
grafting (DAG) (Fig. 2). The transcriptome
changed within 2 hours after grafting, and the
state shifted further over time after grafting
(Fig. 2, A and B). Genes associated with graft-
ing (17, 18) (table S3) whose expression was
up-regulated in response to Nb/At interfamily
grafting included genes associated with auxin
action, wound repair, and cambium and vas-
cular development (Fig. 2B). Their expression
was comparable to, or higher than, that ob-
served in Nb/Nb homografts (Fig. 2C). Tran-
scriptomic changes at the graft junction were
consistent with morphological changes in
the Nicotiana interfamily grafts: Proliferation
and xylem bridge formation were observed in
the grafted region, but the xylem bundle was

thin (fig. S4, A to E). Dye tracer experiments
using toluidine blue, an apoplastic tracer, and
carboxyfluorescein, a symplasmic tracer, showed
establishment of both apoplastic and sym-
plasmic transport at 3 DAG or later (fig. S4,
F to H). Transport of mRNAs (15) and green
fluorescent proteins across the heterograft
junction was also detected (fig. S4, I and J)
but was less than that for homografts. Hence,
the viability of the Nb scions was preserved
by parenchymatous tissue formation at the
graft interface.
To elucidate the molecular events of graft

formation, we identified 189 genes as early–
up-regulated in the Nb scion of Nb/At inter-
family grafts (Fig. 2D and table S3). Top Gene
Ontology (GO) terms for these genes were
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Fig. 2. Transcriptomic analysis reveals conventional graft-associated gene
expression in Nicotiana interfamily grafting. (A) Principal components
analysis of the transcriptome of the Nb intact stem and the scion of the Nb/At
interfamily grafts at five time points (three biological replicates per time
point). PC, principal component. (B) Hierarchical clustering with Euclidean
distance and Ward’s minimum variance method over ratio of RNA sequencing
(RNA-seq) data from five time points after Nb/At grafting against intact
plants. Genes for which association to grafting has been reported in previous
studies are named. (C) Expression of genes associated with auxin action,
wound reunion, and cambium, provasculature, xylem, and phloem development
in Nb/At and Nb/Nb grafts. Table S3 provides details. FPKM, fragments per kilobase

of transcript per million fragments mapped. (D) Extraction of early up-regulated
genes for heterograft formation. See supplementary materials for extraction criteria.
Profiles of 189 candidate genes are plotted against self-organizing map (SOM)
values. Bold red line indicates the average of 189 genes. (E) GO enrichment analysis
of 189 genes. Each numerical value represents the P value of GO analysis.
(F) Expression profiles of representative genes after grafting. (G) Laser
microdissection of Nb/At heterograft tissue was performed for the RNA-seq
analysis. In, middle inside area of Nb scion tissue; Vas, cambial area of the graft
boundary; Pith, pith area of the graft boundary. (H) Laser microdissection
(LMD) RNA-seq of two of the genes shown in (F). Error bars in (C) and (F)
denote SD.
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Extracellular Region, Cell Wall, and Apoplast
(Fig. 2E and supplementary materials), impli-
cating cell wall modification in Nicotiana in-
terfamily grafting. Genes encoding cell wall
modification/reconstruction enzymes, includ-
ing b-1,4-glucanase, b-1,3-glucanase, xyloglucan
hydrolase, and expansin, were up-regulated
at 1 to 28 DAG (Fig. 2F). Laser microdissection
samples of Nb/At interfamily graft junctions
confirmed enhanced expression of a number
of these genes in the cells that proliferated
from the cambial or pith region of the graft
boundary (Fig. 2, G and H). Transcriptomic
studies of intrafamily grafting (19–21) and
wounding response (22) also showed expres-
sion changes for genes associated with cell
wall dynamics. Thus,Nicotiana activates cell
wall reconstruction in both intrafamily and
interfamily grafting.
By comparing interfamily grafting tran-

scriptomes, we identified genes that were
up-regulated in Nb scions of Nb/At interfam-
ily grafts but not in soybean (Gm) scions of
Gm/At interfamily grafts. We selected genes
from Gm that showed the highest homol-
ogy to each of the up-regulated Nb genes. Of
189 genes up-regulated in Nb scions (Fig. 2D),
only 110 homologous genes in Gm scions were
up-regulated (Fig. 3A and supplementary mate-
rials). We further analyzed the 79 homologous

genes up-regulated in Nb but not Gm scions.
Genes associated with Extracellular Region
and Cell Wall were overrepresented in the
79 genes (Fig. 3B) (in comparison with Fig. 2E,
the number of genes associated with Extra-
cellular Region and Cell Wall was 9 out of 14,
whereas the number of genes associated with
the other GO terms was 16 out of 50). This re-
sult suggested that successful Nicotiana inter-
family grafting requires cell wall reconstruction.
One gene expressed at Nb interfamily grafts

was NbGH9B3 (named on the basis of simi-
larity toAt genes), which encodes b-1,4-glucanase
of the glycosyl hydrolase 9B (GH9B) family. The
expression of NbGH9B3 was up-regulated at
1 DAG and increased further at 3 DAG, but
not significantly for that of the Gm homolog
in Gm/At interfamily grafts (Fig. 3C). b-1,4-
glucanases of the GH9B family function in cel-
lulose digestion and cell wall relaxation or
construction during plant growth processes
such as root elongation (23, 24). We hypothe-
sized that NbGH9B3 facilitates adhesion of
facing cells at the graft boundary and further
analyzed NbGH9B3 function in grafting.
We applied virus-induced gene silencing

(VIGS) to examine the function of NbGH9B3
in Nb/At interfamily grafting (Fig. 3, D to F).
Silencing of NbGH9B3 caused failure of Nb/At
interfamily grafting 2 weeks after grafting: The

Nb scionwas easily detached from theAt stocks,
and Nb tissues formed a necrotic layer on the
graft surface (Fig. 3D). The amount ofNbGH9B3
expression reflected the success of grafting (Fig. 3,
E and F). Folded cell walls, characteristic of failed
grafts, were frequently observed at the graft in-
terface of Nb scions in which NbGH9B3 was
down-regulated by VIGS, but not in noninfected
controls (Fig. 3, G to J). We generated a knockout
line ofNbGH9B3 (NbGH9B3-KO) using CRISPR/
Cas9 editing (see supplementary materials).
The percentage success of interfamily graft-
ing onto At stocks was 91% for wild-type Nb
scions and 60% forNbGH9B3-KO scions (Fig.
3K). Thus the b-1, 4-glucanase encoded by
NbGH9B3 facilitates graft establishment in
Nicotiana interfamily grafting.
We next examined whether b-1,4-glucanase

also functions in intrafamily grafting for other
genera (Fig. 4, A and B), including soybean (Gm),
morningglory (In),maize (Zm), andArabidopsis
(At). At Gm, In, and At homografts, one GH9
family gene was up-regulated within 7 DAG;
all belonged to the GH9B3 clade (Fig. 4, A and
B, and Fig. S5). For Gm and In scions grafted
onto At stocks (Fig. 4B), GH9B3 gene expres-
sion increased by 1 DAG and remained un-
changed afterward. Thus, up-regulation of
GH9B3 gene expression during graft adhe-
sion was conserved among these plants. Zm
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(A) Expression patterns of 189 up-regulated genes (Fig. 2D) in Nb/At and Gm/At.
(B) GO enrichment analysis of 79 genes. Numbers of genes located in both
Extracellular Region and Cell Wall categories are marked in red. (C) Expression
profile of b-1,4-glucanase (NbGH9B3) in represented samples. (D) Nb/At
grafts at 14 DAG in VIGS experiments. Nb scions infected with cucumber mosaic
virus harboring a partial sequence of NbGH9B3 to trigger gene silencing
(NbGH9B3-VIGS), with no virus infection (NI), and vector control (VC) were
grafted. Scale bars, 5 cm. Lower panels show transverse sections; scale bars,
1 mm. Red arrowheads denote vascular cambia. Inset indicates the intercept
of At tissues separated. (E) Suppression of NbGH9B3 expression by VIGS was verified
by quantitative reverse transcription polymerase chain reaction. (F) Effect of
the NbGH9B3-VIGS on graft establishment. Differences between the sample groups
were tested with Fisher exact tests with a set at *P < 0.05 or **P < 0.01, n = 30.
(G to J) Transverse sections of grafted stem sample. [(G) and (H)] Optical
microscope images. Yellow arrowheads indicate the boundary of Nb and At. Scale

bars, 100 mm. [(I) and (J)] TEM images. Yellow P and red P indicate the plastids
of At and Nb, respectively. Asterisk indicates a gap formed between Nb and
At cells. Scale bars, 5 mm. (K) Effect of CRISPR knockout (KO) of NbGH9B3 on
graft establishment. Means were compared by Fisher exact test (*P < 0.05),
n = 45 to 47. Error bars in (C) and (E) denote SD.
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homografts failed, as monocot species lack
cambial activity in the stem (25). In Zm grafts,
an orthologous gene was not up-regulated in
either homografts or interfamily grafts.
To study GH9B3 genes in grafting in other

plant genera, we performed seedling micrograft-
ing in Arabidopsis using wild-type and two
T-DNA insertion mutant lines for CELLULASE3
(AtCEL3), a GH9B3 clade gene that was up-
regulated in At homografts (Fig. 4C). No sig-
nificant difference in percentage success was
observed between wild-type and cel3-1 or cel3-2
mutant homografts. However, shoot growth
after grafting was decreased in grafts of both
mutant lines relative to that of the wild type

(Fig. 4C). Thus, GH9B3 is not required for es-
tablishment of the graft connection in At but
does contribute to shoot growth after graft-
ing (Fig. 3, F and K). To examine the effect of
GH9B3 overexpression on grafting, we gener-
ated transgenic lines of Arabidopsis that over-
expressed NbGH9B3 under the control of a
wound-induced RAP2.6 promoter (NbGH9B3-OX)
(26). The percentage success of micrografting
using the NbGH9B3-OX line was significantly
higher than that of wild-type grafting (Fig.
4D). Thus, GH9B3 functions in graft forma-
tion in Arabidopsis as well as in Nicotiana.
Our results show thatNicotiana plants use

a mechanism for interfamily grafting that is

generally activated only for intrafamily graft-
ing. To exploit this capability, we examined
whether Nicotiana could act as an interme-
diate in the grafting of different plant families.
We grafted a tomato scion ontoAt orCm stocks
using aNicotiana interscion. TheNicotiana in-
terscion formed an intrafamily graft with the
tomato scion and an interfamily graft with the
Cm or At stocks. The tomato scions were suc-
cessfully stabilized and produced fruit 3 to
4 months after grafting (Fig. 4, E to G, and fig.
S6A). We also achieved other interfamily grafts
in which the scion, interscion, and stock all be-
longed to different plant families (table S4
and fig. S6B).
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GH9B3 clade. Top: Tree for the GH9B3 clade genes. Bottom: Tree for all
GH clades. Numbers of At genes included in each clade are shown in triangles
(see supplementary materials). (B) GH9B3 clade genes located in the same
clade as Niben101Scf01184 g16001 show a common expression pattern.
(C) Increase in shoot fresh weight after grafting in two lines of mutants for
AtCEL3. *P < 0.05, **P < 0.01 (Student t test); n = 14 to 19. (D) An At

overexpression line of NbGH9B3 using a RAP2.6 wound-inducible promoter
(NbGH9B3-OX) increased percentage success of grafting relative to wild-type
grafting (n = 64 and 102). Viability of the scion was determined at 14 DAG; the
effect of overexpression was evaluated by Fisher exact test (*P < 0.05).
(E to G) Grafts of tomato scion onto At [at 21 DAG (E) and 4 months after
grafting (F)] or Cm [3 months after grafting (G)] using a Nb interscion. Yellow
arrowheads indicate grafting points. Scale bars, 1 cm [(E) and (F)], 5 cm (G).
Error bars in (B) and (C) denote SD.
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Successful grafting requires wound response,
cell regeneration, cell proliferation, cell-cell ad-
hesion, and cell differentiation (6–9).Nicotiana
shows graft compatibility with diverse plant
species through the function of a conserved
clade of extracellular-localized b-1,4-glucanases,
the GH9B3 family, which probably target cel-
lulose in cell walls (23, 27). How the GH9B3
enzymes promote cell-cell adhesion is a key
question for future research. Enhanced plant
grafting techniquesmay increase the variety of
root systems available to aid crop production
with minimal destruction of ecosystems.
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