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Abstract
A large part of the production of tomato plants is grafted. Although it has recently been described that cell walls play an 
important role in tomato graft healing, the spatiotemporal dynamics of cell wall changes in this critical process remains 
largely unknown. The aim of this work was to immunolocalize changes in the major cell wall matrix components of auto-
graft union tissues throughout the course of healing, from 1 to 20 days after grafting (DAG). Homogalacturonan was de 
novo synthetized and deposited in the cut edges, displaying the low methyl-esterified homogalacturonan a stronger label-
ling. Labelling of galactan side chains of rhamnogalacturonan increased until 8 DAG, although remarkably a set of cells at 
the graft union did not show labelling for this epitope. Changes in xylan immunolocalization were associated to the xylem 
vasculature development throughout, while those of xyloglucan revealed early synthesis at the cut edges. Arabinogalactan 
proteins increased up to 8 DAG and showed scion-rootstock asymmetry, with a higher extent in the scion. The combination 
of these changes appears to be related with the success of the autograft, specifically facilitating the adhesion phase between 
scion-rootstock tissues. This knowledge paves the way for improved grafting using methods that facilitate appropriate changes 
in the time and space dynamics of these cell wall compounds.

Key message 
Immunolocalization reveals that spatiotemporal changes of cell wall components of the graft union tissue, such as homoga-
lacturonan, xyloglucan and arabinogalactan proteins, have an important role for successful graft healing in tomato.
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Introduction

Plant grafting is an ancient horticultural practice that con-
sists of joining different parts of plants. Generally, a graft 
is a combination of two parts: the rootstock (includes root 
system) and the scion (includes the aerial part). For the graft 
to be successful, a complex set of morphogenetic and devel-
opmental processes is required. These processes involve 
physiological, molecular and gene expression changes at 
the graft junction, leading, first, to adhesion between the 
rootstock and scion tissues and, second, to vascular recon-
nection between both partners (Melnyk 2017).

Although plant grafting has been used for centuries, 
nowadays it has acquired a huge economic impact for the 
agricultural industry, being routinely used in some of the 
most valuable crops such as vines, fruit trees (citrus), cucur-
bitaceous (melon) and solanaceous (tomato) vegetable crops 
(Lee et al. 2010).

Tomato cultivation is a very important horticultural 
crop worldwide. In 2021, 189,134 million tons of tomatoes 
were produced worldwide, on more than 5 million hectares 
(FAOSTAT 2022). The relevance of this crop suggests that 
any improvement in its yield would generate a large eco-
nomic impact. Nowadays, tomato grafting is used to increase 
tomato vigour and disease resistance by utilizing special 
rootstocks (Singh et al. 2017; Grieneisen et al. 2018).

Changes occurring in the rootstock and scion tissues dur-
ing graft formation can be grouped into three stages (Melnyk 
2017):

o	 An initial tissue damage response, followed by cell adhe-
sion and callus formation at the graft junction zone. A 
necrotic layer appears, and callus is formed as a conse-
quence of cell de-differentiation and proliferation (Jef-
free and Yeoman 1983; Pitaksaringkarn et al. 2014; Sala 
et al. 2019).

o	 Tissue cohesion and vascular cells differentiation. 
Necrotic layer becomes disorganized, new shared cell 
wall is developed between scion and rootstock junction 
cells, and certain groups of cells within the callus are 
determined to vascular meristems that become eventu-
ally differentiated in new conducting elements (Jeffree 

and Yeoman 1983; Wang and Kollmann 1996; Pina et al. 
2012; Melnyk et al. 2015).

o	 Vascular reconnection. Finally, de-novo vascular tissues 
contact within the graft zone and vascular integrity of 
stem is restored by the differentiation of a continuous 
vascular system between scion and rootstock (Melnyk 
et al. 2015).

Cell walls provide essential structural and physiological 
functions in cell–cell recognition, cell shape differentiation 
and tissue adhesion (Zhang et al. 2021). They are semirigid, 
dynamic, macromolecular composites that accumulates in 
the outer face of plasma membranes. Their composition 
depends greatly on the species and even the cell types and 
cell developmental stage.

The growing cells are encased by a primary cell wall, 
consisting of a framework of cellulose microfibrils embed-
ded in a matrix of hemicelulloses, pectins and glycoproteins 
(e.g. arabinogalactan proteins (AGPs) (Zhang et al. 2021). 
In tomato stems, as well as in other dicot, the major matrix 
cell wall polysaccharides are xylan and xyloglucan, among 
the hemicelluloses, and homogalacturonan (HG) and rham-
nogalacturonan I (RGI) and II, among the pectins (Zhang 
et al. 2021; Frey et al. 2022). When certain cell types stop 
growing they accumulate a secondary cell wall composed 
basically by cellulose, xylans and lignin (Zhong et al. 2019).

It is considered that cell walls have an important role in 
grafting process (Miller and Barnett 1993; Yeoman 1993; 
Pitaksaringkarn et al. 2014; Melnyk 2017; Frey et al. 2021, 
2022). In fact, transcriptomic analysis in tomato and other 
species has shown that significant overexpression of genes 
for cell wall biosynthesis and remodelling occurs early after 
grafting onset (Cookson et al. 2013; Cui et al. 2021; Xie 
et al. 2022). Cell walls undergo modifications throughout 
graft healing, having a key role in graft success. First, pectins 
are actively secreted at the cut edges (Sala et al. 2019; Frey 
et al. 2020); then new shared cell walls are formed between 
scion and rootstock and plasmodesmata appear (Jeffree and 
Yeoman 1983; Pina et al. 2012). Finally, changes in the cell 
wall of the vascular tissues are required during the vascular 
reconnection (Melnyk et al. 2015). Although quantitative 
changes in cell wall composition thorough tomato grafting 
have been recently reported (Frey et al. 2022), detailed infor-
mation on the location of those changes in the cell walls of 
the different cell types, and their progression over time is 
lacking. This information is relevant to understanding the 
key factors that explain the formation of a successful graft.

The aim of our work was to localize changes in cell 
wall composition and structure at the graft interface that 
putatively occur throughout the whole grafting process 
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(1 to 20 days after grafting, DAG) and that are involved 
in graft healing in tomato compatible autografts. For this 
purpose, an immunohistochemistry (IHC) study was car-
ried out for a wide range of cell wall epitopes.

Materials and methods

Plant material

Seeds of tomato (Solanum lycopersicum) “Minibel” (Mas-
carell Semillas S.L.) were germinated and grown in con-
tainers with 180 mL of black peat-based substrate. After 
seeds germination they were placed in a growth chamber 
at 23 ± 1 °C under light (≈ 41 µmol m−2 s−1) with 16/8 
photoperiodic conditions and 50–60% of humidity (Frey 
et al. 2022). Every three days the plants were watered 
with complete Hoagland solution rising ≈ 90% of field 
capacity.

Autografting method

After approximately five weeks, the stems of the plants 
reached a diameter of 4–5  mm, and autografts (self-
grafting) were performed. A sliding cut (≈ 45°) was 
made 0.5–1 cm under cotyledonary leaves, and the union 
between scion and rootstock was assured by a graft clip 
(Toogoo®). After grafting humidity was maintained at ≈ 
90–100% during the first days and progressively reduced 
at room humidity.

Autografted plants were collected at different times, 
from 1 to 20 DAG. Three grafts (from scion and root-
stock, or from complete graft union beginning at 8 DAG) 
were taken and processed in order to obtain IHC images.

Immunolocalization of cell wall components

Stem pieces (≈ 3 × 2 mm) from the rootstocks, scions or 
autograft junctions were fixed in 2.5% (w/v) paraformalde-
hyde in 0.1 M phosphate buffer (PBS) pH 7.5 at 4 ℃ over-
night (Frey et al. 2021). Fixed samples were dehydrated 
in a decreasing ethanol series and embedded in resin (LR 
White, London Resin, Reading, UK). The embedded sam-
ples were placed in gelatin capsules with resin and then 
incubated at 37 °C for 5 days to polymerize the resin. An 
Ultracut-Microtome LKB 2088 (Reichart-Jung®, Austria) 
was used to obtain 1 µm thick sections (Fig. S1). These 
sections were placed on slides coated with Vectabond™ 
reagent (Vector Laboratories®, Burlingame, CA, USA) 
and then incubated with M-PBS (Milk-Phosphate Buffered 
Saline) containing the primary antibody (Plant Probes, 
Leeds, UK) (Table 1) at a 1/10 dilution for 2 h (García-
Angulo et al. 2006). After washing with PBS, the sections 
were incubated for 2 h with a 1/100 dilution of an anti-rat 
immunoglobulin G-linked to fluorescein isothiocyanate 
(Sigma®) in M-PBS. The antibody incubations were per-
formed in darkness and at room temperature. Finally, a 
contrast staining was performed using 0.005% calcofluor 
White (fluorescent brightener 28, Sigma®). A Nikon E600 
epifluorescence microscope with the UV-2 and B-H2 fil-
ters was used to study the immunolabelling in muro. Image 
acquisition software used was Nis-Elements F. v 3.2.

For immunolocalization using LM19 and LM20 anti-
bodies, the stem pieces were fixed in formaldehyde–acetic 
acid–alcohol (70% ethanol) (FAA) 48 h at 4 ℃ and dehy-
drated in a decreasing ethanol series. The pieces were then 
incubated with isoamyl acetate in an increasing ethanol 
series prior to paraffin imbibition (Paraplast®). Paraffin 
blocks were cut on a rotary microtome (LEITZ 1512) to 
obtain 6 µm thick sections. IHC was performed on these 

Table 1   Monoclonal antibodies used as primary antibodies for IHC

Antibody Epitope References

Pectins: homogalacturonan (HG) and rhamnogalacturonan I (RGI)
JIM5 Partially methyl-esterified HG and can also bind to unesterified HG Knox et al. (1990)
JIM7 Partially methyl-esterified HG but not unesterified HG Knox et al. (1990)
LM19 Range of HG samples, preference to unesterified HG Verhertbruggen et al. (2009)
LM20 Does not bind to unesterified HG (requires methyl-esters for recognition) Verhertbruggen et al. (2009)
LM5 Linear tetrasaccharide in (1–4)-β-d-galactans (RGI side chain) Jones et al. (1997)
LM6 Linear pentasaccharide in (1–5)-α-l-arabinans (RGI side chain) Willats et al. (1998)
Hemicelluloses
LM10 Unsubstituted and relatively low-substituted xylans McCartney et al. (2005)
LM15 XXXG motif of xyloglucan Marcus et al. (2008)
Arabinogalactan proteins (AGPs)
LM2 AGP (carbohydrate epitope containing β-linked glucuronic acid) Smallwood et al. (1996)
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sections in the same manner as described in the previous 
paragraph, using LM19 and LM20 as primary antibodies.

Ruthenium red staining

Stem pieces (1 cm of height) from the graft junction were 
fixed in FAA, imbibed in paraffin, and cut on a microtome 
as indicated in the previous section.

After deparaffinization, the sections were rehydrated, and 
the slides were incubated for 30 min with 0.02% (w/v) ruthe-
nium red dissolved in distilled water; the sections were then 
washed with distilled water for 5 min and observed under a 
Nikon E600 brightfield microscope.

Fluorescence quantification

In order to quantify fluorescence emission, images were pro-
cessed with ImageJ 1.53 k software. Comparison between 
the fluorescence emission of cell wall structures in the cut 
edges and internal tissues were evaluated sampling all pixels 
in a random segment line that passed inside cell wall struc-
tures in both zones. These paths crossed the images from one 
side to the other. Three technical replicates were obtained for 
each image. The fluorescence (relative units) of the sequence 
of all pixels was measured and expressed as mean ± SD. The 
grey value of the pixels was used to determine the fluores-
cence intensity, ranged from 0 to 255.

Results

Pectins

Pectin accumulation was observed by ruthenium red staining 
in the cut zone, both in the scion and rootstock as early as 1 
and 2 DAG (Fig. 1A–D and I for details). At 20 DAG, a large 
deposition of pectins was observed, allowing clear identi-
fication of the junction zone (Fig. 1E–H and J for details). 
Pectin deposition sometimes affected several cell layers. 
Once the union between the scion and the rootstock was 
established, vascular continuity was detected. Minor stain-
ing was observed in the xylem vessels -easily recognizable 
by the reticulate pattern of their cell walls- compared to the 
parenchyma and callus cells at the scion-rootstock junction 
zone, whose cell walls were strongly stained with ruthenium 
red (Fig. 1E, F).

LM19 immunolabelling (preference for unesterified HG) 
showed a high increase in the scion and rootstock cut zone 
after autografting (Fig. 2). During early DAGs, labelling was 
highly concentrated in the first cell layers of the cut zone 
(Fig. 2A–D and J, L for details). At 1 DAG, the fluorescence 
intensity for LM19 immunolabeling in the cut edge of scion 
(Fig. 2A) was three times higher than that obtained in the 
innermost tissues (91 ± 9 fluorescence units in the cut edge 
vs 30 ± 2 in the inner tissues). Similar results were obtained 
in rootstock (Fig 2B) as a 2.4-fold higher immunofluores-
cence for LM19 epitope was quantified when the cut edge 

Fig. 1   Representative images of tomato autograft longitudinal sec-
tions stained by ruthenium red at 1 (A, B), 2 (C, D, I) and 20 (E–H, 
J) days after grafting (DAG). At 1 and 2 DAG the union between 
scion and rootstock is not yet established. A–D Note the accumula-
tion of pectins in the cut zone (cz) both in the scion and rootstock. E–
H This accumulation of ruthenium red stained pectins remains in the 
junction zone (jz) at 20 DAG. E The junction zone is delineated by T 
lines (┬). F–H The adhesion line (al) is usually well visible due to a 

wide cell wall rich in pectins. H is a deeper detail of G. I Detail at 2 
DAG in the cut zone (cz).  J Ruthenium red staining is conspicuous 
at 20 DAG in the adhesion line (al). Bars: A, B, F, G, H = 100 μm. 
C, D, E = 500 μm. I, J = 10 μm. Abbreviations: al adhesion line, cz 
cut zone, jz junction zone, PV pre-existing vascular tissue, RS root-
stock, SC scion, VC vascular connection, x xylem. Original source of 
images: Martínez-Romera et al. (2021)
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(94 ± 8 fluorescence units) was compared with inner tissues 
(39 ± 4 fluorescence units).

LM19 immunolabelling was also observed in the cut 
area of the injured vascular bundles (Fig. 2D). At 4 DAG, 

proliferation of callus and vascular cells elements was 
observed (Fig. 2E, F). At 20 DAG (after graft reconnec-
tion), unesterified HG was detected in the adhesion line 
between scion and rootstock (Fig. 2G, H). Additionally, a 

Fig. 2   Unesterified HG distribu-
tion throughout graft union. 
Representative images of 
autograft longitudinal sections 
immunolabelled with LM19 at 
1 (A, B, J), 2 (C, D, K), 4 (E, 
F) and 20 (G–I, L) days after 
grafting (DAG). (A-D) At 1, 2 
and 4 DAG the union between 
scion and rootstock is not yet 
established. Note the accumula-
tion of unesterified HG in the 
cut zone (cz), even observe this 
accumulation in the cut zone of 
a damaged pre-existing vascular 
tissue (DPV) in D. F, G Prolif-
eration of callus and vascular 
cell elements was observed near 
to the cut zone. G, H Accu-
mulation of unesterified HG in 
the adhesion line (al) between 
scion (SC) and rootstock (RS), 
note that H is a detail of G. 
I Observe the pre-existing 
vascular tissue (PV) of the scion 
and the rootstock reconnection 
(VC); unesterified HG labelling 
is widely present in the vascu-
lature. Dotted red line indicates 
the junction zone and the yellow 
dotted line traces the pre-
existing (PV) and regenerated 
connecting vasculature (VC) 
connecting scion and rootstock. 
J, K Details of the presence of 
unesterified HG in the cell walls 
of the cut zone, even forming a 
matrix, at 1 and 2 DAG respec-
tively. L Detail of unesterified 
HG distribution in cell wall 
in the graft union at 20 DAG. 
Merged images combined the 
labelling with LM19 and cal-
cofluor counterstaining. Bars: 
A–G = 100 μm. H, K = 50 μm. 
I = 500 μm. J, L = 10 μm. 
Abbreviations: al, adhesion 
line; cz cut zone, DPV damaged 
pre-existing vascular tissue, PV 
pre-existing vascular tissue, RS 
rootstock, SC scion, VC vascular 
connection. Original source of 
A–I images: Martínez-Romera 
et al. (2021)
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more intense labelling was noted collocating with both pre-
existing and connecting vasculature (Fig. 2I). The accumu-
lation of fluorescence was strong in the inner side of the 
cell walls (Fig. 2L). JIM5 labelling (partially esterified and 
unesterified HG) was faint early after grafting compared 
with LM20, and showed no clear differences compared to 
0 DAG (data not shown), although small patches of intense 
fluorescence were already observed in some areas of the cut 
edge (Fig. S2). JIM5 labelling became more intense at 8 
and 12 DAG and was present and differentially distributed 

in the tissue among callus in the graft junction zone at this 
time points (Fig. S2).

Although the labelling for esterified HG (LM20; 
Fig. 3A–D) was lower than that obtained for unesterified 
HG (compare with Fig. 2A–D), the immunofluorescence for 
LM20 epitopes was also observed with high intensity in the 
cut zone during early graft healing (Fig. 3A–D and F, G for 
details). As in the case of LM19 labelling, an asymmetry in 
the distribution of esterified HG between cut edges and inner 
tissues was observed and quantified. At 1 DAG, fluorescence 
units of cell wall structures in scion were 92 ± 6 for cut edge 

Fig. 3   Esterified HG distribution throughout graft union. Representa-
tive images of autograft longitudinal sections immunolabelled with 
LM20 at 1 (A, B, F), 2 (C, D, G) and 20 (E, H) days after grafting 
(DAG). A–D Note the accumulation of esterified HG in the cut zone 
(cz). E Note the presence of esterified HG in the junction zone (jz) 
of callus delimited by T lines (┬). F, G Details of the presence of 
esterified HG in the cell walls of the cut zone, even forming a matrix 

too, at 1 and 2 DAG respectively. Observe the labelling in cellular 
vesicles. H Detail of esterified HG in cell walls of the graft union at 
20 DAG, note the fluorescence in primary cell walls. Merged images 
combined the labelling with LM20 and calcofluor counterstaining. 
Bars: A–E = 100  μm. F, G = 50  μm. H = 10  μm. Abbreviations: cz 
cut zone, jz junction zone, RS rootstock, SC scion. Original source of 
A–E, H images: Martínez-Romera et al. (2021)
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compared to 47 ± 5 for in inner tissue. Immunofluorescence 
quantification in rootstock rendered 74 ± 1 units in cut edge 
versus 31 ± 4 units in internal tissues (Fig. 3A, B). At 20 
DAG esterified HG was also observed in the junction zone, 
(Fig. 3E) mainly in the primary cell wall of the callus cells 
(Fig. 3H). Cell wall JIM7 labelling of partially esterified 
HG, did not change drastically during grafting. Also, it was 
evenly distributed in the tissues of the graft junction (Fig. 
S3). On the other hand, protoplasmic labelling of partially 
esterified HG (probably in vesicles) apparently increased 
from 1 to 8 DAG and decrease from 8 to 12 DAG (Fig. S3).

Regarding the other major pectic polysaccharide, RGI, 
monitoring during the autograft healing of its galactan and 
arabinan side chains, by LM5 (Fig. 4) and LM6 (Fig. S4) 
antibodies, respectively, showed only remarkable changes 
in the first one. At short times (1–2 DAG) no increase in the 
accumulation of RGI galactan chains labelling was detected 
(Fig. 4A, B). However, at 8 DAG the intensity of labelling 
increased (Fig. 4C). Nevertheless, several cells located at the 
plane of the graft union showed a lack of labelling (Fig. 4D). 
Also, an asymmetric distribution of labelling between scion 
and rootstock was detected at 8 DAG (Fig. 4D–F) as LM5 
probed epitopes were more abundant in scion tissues than 
in rootstock ones.

Hemicelluloses

The hemicelluloses probed, xylan and xyloglucan, showed 
a specific distribution along the graft union during autograft 
healing. The xylan epitope (LM10-probed) was restricted 
to xylem cells and fibres, and indicated xylem differentia-
tion throughout the autograft healing (Fig. 5A–C). On the 
other hand, an intense labelling for LM15-probed xyloglu-
can was detected at the cut edges in the early times after 
grafting (Fig. 5D–F). At 2 DAG, fluorescence units of cell 
wall structures of cut edge were 93 ± 10 vs 38 ± 2 of inner 
tissues in rootstock (Fig. 5F). At 20 DAG, xyloglucan was 
detected in the cell walls of the outer cell layers of the union 
callus (Fig. 5G).

Arabinogalactan proteins (AGPs)

AGPs (LM2-probed) were detected notably associated to the 
cytoplasm of living cells in vascular bundles. An increase 
in LM2 labelling was detected during autograft healing evo-
lution (Fig. 6A–C). Moreover, an asymmetric distribution 
of this epitope was observed: scion-derived tissues showed 
stronger LM2 labelling than the rootstock tissues (Fig. 6D). 
In mature callus tissue at 12 DAG LM2 labelling was found 
only in several areas of cells (Fig. 6E).

Discussion

Cell wall immunolabelling indicated changes in the abun-
dance and distribution of matrix polysaccharides and 
AGPs during autograft healing in tomato. Table 2 sum-
marizes these changes.

The graft healing process is a complex phenomenon 
involving extensive tissue modifications. Changes in the 
localization of matrix polysaccharides as well as in the 
abundance of AGPs are relevant in this context. Figure 7 
depicts this process and outlines the epitope labelling loca-
tion information obtained by IHC in this study.

The adhesion stage (1–4 DAG) is indispensable for the 
reconstitution of the connection between the scion and the 
rootstock, and cell walls at the junction zone are expected 
to have a key role for the adherence of grafted tissues. 
As it has been previously demonstrated, an immediate 
consequence of grafting is the secretion of pectins at the 
junction zone (Jeffree and Yeoman 1983; Yeoman 1993; 
Sala et al. 2019; Frey et al. 2022); however, the type and 
distributions of these pectins remain poorly understood. 
In our experimental system-consisting of tomato auto-
grafts-HG epitopes increased on the cut surface at early 
DAG. This is in consistent with previous findings consist-
ing of the appearance of an extracellular matrix enriched 
in low methyl-esterified HG in Arabidopsis grafts (Sala 
et al. 2019) and the measured increase of pectins in tis-
sues near the cut edges during tomato graft healing (Frey 
et  al. 2022). Low methyl-esterified HG have adherent 
properties by its ability to form gels by calcium bridging 
that may contribute to tissue adhesion (like an “egg box” 
structure) (Seymour & Knox 2002). In our study, IHC 
showed that epitopes for low methyl-esterified HG (LM19 
labelling) were more abundant than those for medium and 
high methyl-esterified HG (LM20 labelling). This result 
indicates that newly synthesized HG would contribute to 
scion-rootstock adhesion via de-esterification and calcium 
bridging. Indeed, by cell fractionation, CDTA-extracted 
pectins increased along tomato graft healing (Frey et al. 
2022), consistent with the increase in low methyl-esteri-
fied HG found in this work.

Another pectic polysaccharide whose evolution along 
autografting was evidenced was RGI. By probing its 
galactan side chains by LM5, a slight increase of RGI 
abundance was recorded up to 8 DAG, similar to that 
reported by Frey et al. (2022) by immuno-dot assay of 
cell wall fractions. This epitope is absent in proliferat-
ing meristem cells and present during cell differentiation 
(Seymour and Knox 2002). Also, the galactan side chains 
of RGI have been proposed to play a role in the cessation 
of cell elongation and the onset of secondary cell wall 
deposition (Seymour and Knox 2002; Moneo-Sánchez 
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et al. 2020; Sun et al. 2021). Additionally, it plays a role in 
gelation and therefore cell wall adhesion (Mikshina et al. 
2017; Kaczmarska et al. 2022), and LM5 labelling has 

been associated with cell differentiation during in-vitro 
organogenesis in poplar (García-Angulo et al. 2018). The 
distribution of LM5 labelling during autografting indicates 

Fig. 4   Galactan side chains of RGI immunolocalizated with LM5. 
Images of representative longitudinal sections from autografts 
at 1 (A), 2 (B), 8 (C–F), and 20 (G) days after grafting (DAG) are 
showed. A, B Note the distribution of galactan chains in the cut zone 
(cz) of rootstocks; accumulation of this epitope in the cell walls near 
the cut was not observed. However, intracellular detection of the 
epitope was perceived. Insert in B is a detail of the cut zone with 
LM5 labeling only. C Callus tissue at 8 DAG, note the different mor-
phology of cells and an increase in galactan chains labelling regard 
early times. D Note that a linear array of cells located at the plane of 
the graft union (presumably junction zone, delimited by T lines (┬)) 
shown a low intensity or lack of labelling. E Detail of callus junc-

tion zone; observe the heterogeneity of galactan chains labelling on 
the cell walls. F Asymmetry of galactan chains labelling was detected 
between scion and rootstock. Note the difference in the intensity of 
labelling. Dotted red line indicates the junction zone. G Galactan 
chains labelling did not appear in the xylem and some labelling was 
present in dead cells and in the cell wall material of the outer lay-
ers. Dotted red line indicates the junction zone. B, D, E, G Merged 
images combined the labelling with LM5 and calcofluor counterstain-
ing. Bars: A, C, D, G = 100 μm; B, E = 50 μm; F = 200 μm. Abbre-
viations: cp callus protuberance, cz cut zone, jz junction zone, RS 
rootstock, SC scion, x xylem
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the absence of RGI galactan chains in some cells in the 
centre of the callus. Based on the above findings, it would 
indicate that the centre of the callus has a high cellular 
proliferating activity and therefore still little cell differen-
tiation activities.

Hemicelluloses showed interesting information about the 
role of cell wall during autograft healing. Xylan (LM10) 
labelling revealed that vascular reconnection between scion 
and rootstock already occurred at 8 DAG. On the other hand, 
xyloglucan showed a clear increase of labelling limited to 
cell walls at the cut zone, shortly after autografting. This 
observation is consistent with the increased LM15 labelling 
detected very soon after grafting in the close vicinity to cut 
zone in previous work (Frey et al. 2022). The early pres-
ence of xyloglucan epitopes at the cut zone would indicate 
the former edge of the cell–cell adhesion planes/intercel-
lular spaces. This insight is related to the described asso-
ciation of the LM15 epitope with the edge of the adhesion 
planes in pericarp cells of unripe tomatoes (Ordaz-Ortiz 
et al. 2009). Moreover, the labelling pattern of the LM15 
epitope was restricted to discrete areas of the cell walls. This 
regional accumulation of the LM15 epitope might suggest 
an increase of the hotspot at the local point as a result of 
cell wall reshaping (Park and Cosgrove 2012, 2015). Fol-
lowing this hypothesis, a certain fraction of xyloglucan is 

closely interlaced with cellulose chains at discrete sites, 
forming relatively inaccessible adhesion zones linking two 
or more microfibrils (Park and Cosgrove 2012, 2015). There-
fore, increased detection of the LM15 epitope in these areas 
would indicate an increase in such biomechanical hotspots, 
which would be related to a higher cell–cell adhesion at the 
graft junction. Furthermore, the presence of the epitope early 
in grafting would imply that these areas undergo active cell 
wall remodelling during the adhesion phase (Hayashi and 
Kaida 2011).

Finally, AGPs are structural and highly glycosylated pro-
teins related to developmental processes such as cell–cell 
recognition, cell differentiation, cell expansion, xylem devel-
opment, etc. (Ellis et al. 2010; Tan et al. 2012). In this work, 
AGPs were localised in the cytoplasm of vascular cells, 
similar to previously reported by Sala et al. (2019). The 
cytoplasmic localisation of AGP epitopes makes it unlikely 
that they could play a structural role. Instead, the presence 
of labelling for AGPs in certain areas of the graft could 
indicate the occurrence of cells that will actively undergo 
differentiation (Kreuger and vanHolst 1996). This func-
tion would fit well with the increase up to 8 DAG of AGP 
labelling in internal areas of the graft. An interesting result 
arising from the labelling pattern for AGPs was the asym-
metry in the abundance of AGPs between scion (high) and 

Fig. 5   Hemicellulose distribution throughout graft union. Immunolo-
calization of xylan epitopes, labelled by LM10 (A–C) and xyloglu-
can epitopes, labelled by LM15 (D–G), at 1 (A, D), 2 (E, F), 8 (B), 
10 (C) and 20 (G) days after grafting (DAG) in longitudinal sections. 
A Scion section. Strong labelling is shown in the xylem conducting 
cells. B, C Sections of graft union callus, note a part of the vascu-
lar reconnection involving xylem conducting cells. Dotted red line 
indicates the junction zone and the blue line marks the vasculature 

continuity. D–F Sections of rootstocks with high deposition of xylo-
glucan in the cut zone (cz). G Sections of callus protuberance (cp), 
note the LM15 labelling in the external cells. All images, except C, 
are merged images combined the labelling with LM10 or LM15 and 
calcofluor counterstaining. Bars: A, B, G = 100  μm; C, F = 50  μm; 
D, E = 25 μm. Abbreviations: cp callus protuberance, cz cut zone, PV 
pre-existing vascular tissue, RS rootstock, SC scion, VC vascular con-
nection, x xylem
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rootstock (low). Again, this result could reflect concomitant 
differences in the intensity of cell differentiation processes 
between both partners.

In summary, the spatiotemporal changes of cell wall com-
ponents, such as HG, xyloglucan and AGPs, indicate that 
they have important roles for successful autograft healing, 
especially in the adhesion phase (early times after grafting). 
Some of these changes correlate with previous transcrip-
tomic analysis reporting the significant overexpression of 
genes for cell wall biogenesis and remodelling (such as 
xylan biosynthetic processes) occurring thorough grafting 
in tomato plants (Cui et al. 2021; Xie et al. 2022).

This knowledge can be used to develop refined methods 
to improve graft success. Recently, the application of cellu-
lase (Kawakatsu et al. 2020; Zhang et al. 2021) or pectinase 
(Zhang et al. 2021) in combination or not with auxins or 

cytokinins, has been shown to facilitate grafting in Arabi-
dopsis by modifying the composition/structure of cell walls 
from tissues directly involved in the process. These findings 
open the door to the application of composites containing 
the major matrix polysaccharides whose changes occur 
early, as detected in this work, such as low-esterified HG 
and xyloglucan (alone or as mixtures) in the cutting zone at 
the time of graft formation to accelerate and/or enhance the 
grafting process in tomato plants or other species.

In addition, future research addressing the quantification 
and study of these polysaccharides and AGPs in different 
types of tomato grafts–such as heterografts with low graft-
ing success–could help in the advance of grafting knowledge 
and even in plant breeding to obtain better grafted tomato 
cultivars, and similarly other grafted plants, improving their 
healing and increasing yield.

Fig. 6   Immunolocalization of AGPs (labelled by LM2), counter-
stained with calcofluor, throughout the graft union at 1 (A), 2 (B, C), 
8 (D) and 12 (E) days after grafting (DAG) in longitudinal sections 
are showed. A–C Sections of scion and rootstock at early times after 
grafting, note the increase over 1 DAG in AGPs labelling. D Section 
of graft junction, AGPs labelling was strong, and it showed an asym-

metrical distribution, being more intense in the scion. E Section of 
a graft junction, note the mature callus tissue with cell areas with 
different AGP distribution. Bars: A, B, E = 100 μm; C, D = 200 μm. 
Abbreviations: al adhesion line, cp cortical parenchyma, cz cut zone, 
pp pith parenchyma, RS rootstock, SC scion, x xylem
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Table 2   Summary of changes in the level and pattern of immunolabelling of matrix cell wall polysaccharides and AGPs during tomato autograft 
healing

Antibody means the primary antibody used to detection. Trend implies approximately representative pattern after autografting (+ indicates 
increasing trend; ± equal)

Antibody Epitope Trend Main observations

Pectins: homogalacturonan (HG) and rhamnogalacturonan I (RGI)
JIM5 Partially methyl-esterified and can also bind to unesterified 

HG
 +  Synthesis and deposition, particularly in the cell walls of the 

cut edges
JIM7 Partially methyl-esterified HG  +  Synthesis and deposition, particularly in the protoplast
LM19 Range of HG samples, preference to unesterified HG  +  +  +  +  High synthesis and deposition, particularly in the cell walls 

of the cut edges at early times
LM20 Does not bind to unesterified HG (requires methyl-esters 

for recognition)
 +  +  +  Relevant synthesis and deposition, particularly in the cell 

walls of the cut edges at early times
LM5 Linear tetrasaccharide in (1–4)-β-d-galactans (RGI side 

chain)
 +  Synthesis and deposition, highest from 8 DAG onwards. 

Some cells of graft union tissue were unlabelled
LM6 Linear pentasaccharide in (1–5)-α-l-arabinans (RGI side 

chain)
 ±  No clear changes were detected

Hemicelluloses
LM10 Unsubstituted and relatively low-substituted xylans  ±  Associated with secondary cell walls cells: fibres and xylem 

elements. Useful for monitoring vascular reconnection
LM15 XXXG motif of xyloglucan  +  Synthesis and deposition in the cell walls of cut edges at 

early times (1–2 DAG)
Arabinogalactan proteins (AGPs)
LM2 AGP protein (carbohydrate epitope containing β-linked 

glucuronic acid)
 +  +  Synthesis and deposition, highest on 8 DAG. Scion – root-

stock asymmetry (higher in scion)

Fig. 7   Schematic view of the main events in tissue development dur-
ing autograft healing (A) and summary of the changes in cell wall 
matrix polysaccharides based in this study (B). At early days after 
grafting (DAG) the accumulation of HG, especially unesterified, and 
xyloglucan was observed in the cut zone of scion and rootstock. HG 
epitopes were distributed in callus junction zone during graft healing. 

Later, an asymmetry between scion and rootstock is observed, con-
sisting of the accumulation of AGP and RGI epitopes in scion tissues. 
Areas of unlabelled RGI were detected in the graft junction. Finally, 
xylan epitopes were associated with xylem development and recon-
nection



	 Plant Molecular Biology

1 3

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11103-​023-​01351-7.

Acknowledgements  Authors acknowledge Dr. Rafael Álvarez for his 
advice, and the Microscopy Service of the University of León, espe-
cially Dr. Antonio Sánchez, for his kindness and loan of equipment.

Author contributions  JLA and AE: conceived, designed, and super-
vised the research. CF: conducted the experiments with the help of 
NM-R, analysed the data and wrote the manuscript. JLA and AE: con-
tributed to analyse the data and supervised the manuscript. All the 
authors read and approved the manuscript.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This research was funded by Universi-
dad de León. C.F. acknowledges the PhD grant from the FPU program 
of the Spanish Universities Ministry (Ref. FPU18/04934).

Data availability  The datasets generated and/or analysed during the 
present study are not available to the public due to the authors’ privacy 
policy, but are available to the corresponding author upon reasonable 
request.

Declarations 

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Cookson SJ, Clemente-Moreno MJ, Hevin C, Nyamba-Mendome LZ, 
Delrot S, Trossat-Magnin C, Ollat N (2013) Graft union forma-
tion in grapevine induces transcriptional changes related to cell 
wall modification, wounding, hormone signalling, and secondary 
metabolism. J Exp Bot 64:2997–3008. https://​doi.​org/​10.​1093/​
jxb/​ert144

Cui Q, Xie L, Dong C, Gao L, Shang Q (2021) Stage-specific events 
in tomato graft formation and the regulatory effects of auxin and 
cytokinin. Plant Sci 304:110803. https://​doi.​org/​10.​1016/j.​plant​
sci.​2020.​110803

Ellis M, Egelund J, Schultz CJ, Bacic A (2010) Arabinogalactan-pro-
teins: key regulators at the cell surface? Plant Physiol 153:403–
419. https://​doi.​org/​10.​1104/​pp.​110.​156000

FAOSTAT (Food and Agriculture Organization of the United Nations) 
(2022) FAOSTAT-Crops and livestock products [online]. Avail-
able in: https://​www.​fao.​org/​faost​at/​es/#​data/​QCL. Accessed 4 
Nov 2022

Frey C, Acebes JL, Encina A, Álvarez R (2020) Histological changes 
asociated with the graft union development in tomato. Plants 
9:1479. https://​doi.​org/​10.​3390/​plant​s9111​479

Frey C, Álvarez R, Encina A, Acebes JL (2021) Tomato graft union 
failure is associated with alterations in tissue development and 
onset of cell wall defense responses. Agronomy 11:1197. https://​
doi.​org/​10.​3390/​agron​omy11​061197

Frey C, Manga-Robles A, Acebes JL, Encina A (2022) The graft frame-
work: quantitative changes in cell wall matrix polysaccharides 
throughout the tomato graft union formation. Carbohydr Polym 
276:118781. https://​doi.​org/​10.​1016/j.​carbp​ol.​2021.​118781

García-Angulo P, Willats WGT, Encina A, Alonso-Simón A, Álvarez 
JM, Acebes JL (2006) Immunocytochemical characterization of 
the cell walls of bean cell suspensions during habituation and 
dehabituation to dichlobenil. Physiol Plant 127:87–99. https://​doi.​
org/​10.​1111/j.​1399-​3054.​2006.​00648.x

García-Angulo P, Villar I, Giner-Robles L, Centeno ML (2018) In 
vitro regeneration of two Populus hybrid clones. The role of 
pectin domains in cell processes underlying shoot organogen-
esis induction. Biol Plant 62:763–774. https://​doi.​org/​10.​1007/​
s10535-​018-​0819-y

Grieneisen ML, Aegerter BJ, Stoddard CS, Minghua Z (2018) Yield 
and fruit quality of grafted tomatoes, and their potential for soil 
fumigant use reduction. A meta-analysis. Agron Sustain Dev 
38:29. https://​doi.​org/​10.​1007/​s13593-​018-​0507-5

Hayashi T, Kaida R (2011) Functions of xyloglucan in plant cells. Mol 
Plant 4:17–24. https://​doi.​org/​10.​1093/​mp/​ssq063

Jeffree CE, Yeoman MM (1983) Development of intercellular con-
nections between opposing cells in a graft union. New Phytol 
93:491–509. https://​doi.​org/​10.​1111/j.​1469-​8137.​1983.​tb027​01.x

Jones L, Seymour GB, Knox JP (1997) Localization of pectic galactan 
in tomato cell walls using a monoclonal antibody specific to 
(1-4)-β-D-galactan. Plant Physiol 113:1405–1412. https://​doi.​
org/​10.​1104/​pp.​113.4.​1405

Kaczmarska A, Pieczywek PM, Cybulska J, Zdunek A (2022) Structure 
and functionality of rhamnogalacturonan I in the cell wall and in 
solution: a review. Carbohydr Polym 278:118909. https://​doi.​org/​
10.​1016/j.​carbp​ol.​2021.​118909

Kawakatsu Y, Sawai Y, Kurotani K, Shiratake K, Notaguchi M (2020) 
An in vitro grafting method to quantify mechanical forces of 
adhering tissues. Plant Biotechnol 37:451–458. https://​doi.​org/​
10.​5511/​plant​biote​chnol​ogy.​20.​0925a

Knox JP, Linstead PJ, King J, Cooper C, Roberts K (1990) Pectin ester-
ification is spatially regulated both within cell walls and between 
developing tissues of root apices. Planta 181:512–521. https://​doi.​
org/​10.​1007/​BF001​93004

Kreuger M, vanHolst GJ (1996) Arabinogalactan proteins and plant 
differentiation. Plant Mol Biol 30:1077–1086. https://​doi.​org/​10.​
1007/​bf000​19543

Lee JM, Kubota C, Tsao S, Bie Z, Echevarria PH, Morra L, Oda M 
(2010) Current status of vegetable grafting: diffusion, grafting 
techniques, automation. Sci Hortic 127:93–105. https://​doi.​org/​
10.​1016/j.​scien​ta.​2010.​08.​003

Marcus SE, Verhertbruggen Y, Hervé C, Ordaz-Ortiz JJ, Farkas V, Ped-
ersen HL, Willats WGT, Knox JP (2008) Pectic homogalacturonan 
masks abundant sets of xyloglucan epitopes in plant cell walls. 
BMC Plant Biol 8:60. https://​doi.​org/​10.​1186/​1471-​2229-8-​60

McCartney L, Marcus SE, Knox JP (2005) Monoclonal antibodies to 
plant cell wall xylans and arabinoxylans. J Histochem Cytochem 
53:543–546. https://​doi.​org/​10.​1369/​jhc.​4B6578.​2005

Melnyk CW (2017) Plant grafting: insights into tissue regeneration. 
Regen 4:3–14. https://​doi.​org/​10.​1002/​reg2.​71

Melnyk CW, Schuster C, Leyser O, Meyerowitz EM (2015) A develop-
mental framework for graft formation and vascular reconnection 
in Arabidopsis thaliana. Curr Biol 25:1306–1318. https://​doi.​org/​
10.​1016/j.​cub.​2015.​03.​032

Mikshina PV, Makshakova ON, Petrova AA, Gaifullina IZ, Idiyatullin 
BZ, Gorshkova TA, Zuev YF (2017) Gelation of rhamnogalactu-
ronan I is based on galactan side chain interaction and does not 

https://doi.org/10.1007/s11103-023-01351-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jxb/ert144
https://doi.org/10.1093/jxb/ert144
https://doi.org/10.1016/j.plantsci.2020.110803
https://doi.org/10.1016/j.plantsci.2020.110803
https://doi.org/10.1104/pp.110.156000
https://www.fao.org/faostat/es/#data/QCL
https://doi.org/10.3390/plants9111479
https://doi.org/10.3390/agronomy11061197
https://doi.org/10.3390/agronomy11061197
https://doi.org/10.1016/j.carbpol.2021.118781
https://doi.org/10.1111/j.1399-3054.2006.00648.x
https://doi.org/10.1111/j.1399-3054.2006.00648.x
https://doi.org/10.1007/s10535-018-0819-y
https://doi.org/10.1007/s10535-018-0819-y
https://doi.org/10.1007/s13593-018-0507-5
https://doi.org/10.1093/mp/ssq063
https://doi.org/10.1111/j.1469-8137.1983.tb02701.x
https://doi.org/10.1104/pp.113.4.1405
https://doi.org/10.1104/pp.113.4.1405
https://doi.org/10.1016/j.carbpol.2021.118909
https://doi.org/10.1016/j.carbpol.2021.118909
https://doi.org/10.5511/plantbiotechnology.20.0925a
https://doi.org/10.5511/plantbiotechnology.20.0925a
https://doi.org/10.1007/BF00193004
https://doi.org/10.1007/BF00193004
https://doi.org/10.1007/bf00019543
https://doi.org/10.1007/bf00019543
https://doi.org/10.1016/j.scienta.2010.08.003
https://doi.org/10.1016/j.scienta.2010.08.003
https://doi.org/10.1186/1471-2229-8-60
https://doi.org/10.1369/jhc.4B6578.2005
https://doi.org/10.1002/reg2.71
https://doi.org/10.1016/j.cub.2015.03.032
https://doi.org/10.1016/j.cub.2015.03.032


Plant Molecular Biology	

1 3

involve chemical modifications. Carbohydr Polym 171:143–151. 
https://​doi.​org/​10.​1016/j.​carbp​ol.​2017.​05.​013

Miller H, Barnett JR (1993) The structure and composition of bead-
like projections on sitka spruce callus cells formed during graft-
ing and in culture. Ann Bot 72:441–448. https://​doi.​org/​10.​1006/​
anbo.​1993.​1130

Moneo-Sánchez M, Vaquero-Rodríguez A, Hernández-Nistal J, 
Albornos L, Knox P, Dopico B, Labrador E, Martín I (2020) 
Pectic galactan affects cell wall architecture during secondary 
cell wall deposition. Planta 251:100. https://​doi.​org/​10.​1007/​
s00425-​020-​03394-2

Ordaz-Ortiz JJ, Marcus SE, Knox JP (2009) Cell wall microstructure 
analysis implicates hemicellulose polysaccharides in cell adhe-
sion in tomato fruit pericarp parenchyma. Mol Plant 2:910–921. 
https://​doi.​org/​10.​1093/​mp/​ssp049

Park YB, Cosgrove DJ (2012) A revised architecture of primary cell 
walls based on biomechanical changes induced by substrate-spe-
cific endoglucanases. Plant Physiol 158:1933–1943. https://​doi.​
org/​10.​1104/​pp.​111.​192880

Park YB, Cosgrove DJ (2015) Xyloglucan and its interactions with 
other components of the growing cell wall. Plant Cell Physiol 
56:180–194. https://​doi.​org/​10.​1093/​pcp/​pcu204

Pina A, Errea P, Martens HJ (2012) Graft union formation and cell-
to-cell communication via plasmodesmata in compatible and 
incompatible stem unions of Prunus spp. Sci Hortic 143:144–150. 
https://​doi.​org/​10.​1016/j.​scien​ta.​2012.​06.​017

Pitaksaringkarn W, Matsuoka K, Asahina M, Miura K, Sage-ono K, 
Ono M (2014) XTH20 and XTH19 regulated by ANAC071 under 
auxin flow are involved in cell proliferation in incised Arabidopsis 
inflorescence stems. Plant J 80:604–614. https://​doi.​org/​10.​1111/​
tpj.​12654

Sala K, Karcz J, Rypie A, Kurczy EU (2019) Unmethyl-esteri-
fied homogalacturonan and extensins seal Arabidopsis graft 
union. BMC Plant Biol 19:151. https://​doi.​org/​10.​1186/​
s12870-​019-​1748-4

Seymour GB, Knox P (2002) Pectins an their manipulation. CRC Press, 
Boca Raton

Singh H, Kumar P, Chaudhari S, Edelstein M (2017) Tomato grafting: 
a global perspective. HortScience 52:1328–1336. https://​doi.​org/​
10.​21273/​HORTS​CI119​96-​17

Smallwood M, Yates EA, Willats WGT, Martin H, Knox JP (1996) 
Immunochemical comparison of membrane-associated and 

secreted arabinogalactan-proteins in rice and carrot. Planta 
198:452–459. https://​doi.​org/​10.​1007/​BF006​20063

Sun X, Andrew IG, Harris PJ, Hoskin SO, Joblin KN, He Y (2021) 
Mapping pectic-polysaccharide epitopes in cell walls of forage 
chicory (Cichorium intybus) leaves. Front Plant Sci 12:762121. 
https://​doi.​org/​10.​3389/​fpls.​2021.​762121

Tan L, Showalter AM, Egelund J, Hernandez-Sanchez A, Doblin MS, 
Bacic A (2012) Arabinogalactan-proteins and the research chal-
lenges for these enigmatic plant cell surface proteoglycans. Front 
Plant Sci 3:140. https://​doi.​org/​10.​3389/​fpls.​2012.​00140

Verhertbruggen Y, Marcus SE, Haeger A, Ordaz-Ortiz JJ, Knox 
JP (2009) An extended set of monoclonal antibodies to pectic 
homogalacturonan. Carbohydr Res 344:1858–1862. https://​doi.​
org/​10.​1016/j.​carres.​2008.​11.​010

Wang Y, Kollmann R (1996) Vascular differentiation in the graft union 
of in-vitro grafts with different compatibility-Structural and func-
tional aspects. J Plant Physiol 147:521–533. https://​doi.​org/​10.​
1016/​S0176-​1617(96)​80041-1

Willats WGT, Marcus SE, Knox JP (1998) Generation of a mono-
clonal antibody specific to (1→5)-α-L-arabinan. Carbohydr Res 
308:149–152. https://​doi.​org/​10.​1016/​S0008-​6215(98)​00070-6

Xie L, Tian J, Peng L, Cui Q, Liu Y, Liu J, Li F, Zhang S, Gao J (2022) 
Conserved regulatory pathways for stock-scion healing revealed 
by comparative analysis of Arabidopsis and tomato grafting tran-
scriptomes. Front Plant Sci 12:810465. https://​doi.​org/​10.​3389/​
fpls.​2021.​810465

Yeoman M (1993) Cellular reconigtion systems in grafting. Cellular 
interactions. Springer, Berlin, pp 453–472. https://​doi.​org/​10.​
1007/​978-3-​642-​69299-4_​21

Zhang B, Gao Y, Zhang L, Zhou Y (2021) The plant cell wall: Biosyn-
thesis, construction, and functions. J Integr Plant Biol 63:251–
272. https://​doi.​org/​10.​1111/​jipb.​13055

Zhong R, Cui D, Ye Z-H (2019) Secondary cell wall biosynthesis. 
New Phytol 221:1703–1723. https://​doi.​org/​10.​1111/​nph.​15537

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.carbpol.2017.05.013
https://doi.org/10.1006/anbo.1993.1130
https://doi.org/10.1006/anbo.1993.1130
https://doi.org/10.1007/s00425-020-03394-2
https://doi.org/10.1007/s00425-020-03394-2
https://doi.org/10.1093/mp/ssp049
https://doi.org/10.1104/pp.111.192880
https://doi.org/10.1104/pp.111.192880
https://doi.org/10.1093/pcp/pcu204
https://doi.org/10.1016/j.scienta.2012.06.017
https://doi.org/10.1111/tpj.12654
https://doi.org/10.1111/tpj.12654
https://doi.org/10.1186/s12870-019-1748-4
https://doi.org/10.1186/s12870-019-1748-4
https://doi.org/10.21273/HORTSCI11996-17
https://doi.org/10.21273/HORTSCI11996-17
https://doi.org/10.1007/BF00620063
https://doi.org/10.3389/fpls.2021.762121
https://doi.org/10.3389/fpls.2012.00140
https://doi.org/10.1016/j.carres.2008.11.010
https://doi.org/10.1016/j.carres.2008.11.010
https://doi.org/10.1016/S0176-1617(96)80041-1
https://doi.org/10.1016/S0176-1617(96)80041-1
https://doi.org/10.1016/S0008-6215(98)00070-6
https://doi.org/10.3389/fpls.2021.810465
https://doi.org/10.3389/fpls.2021.810465
https://doi.org/10.1007/978-3-642-69299-4_21
https://doi.org/10.1007/978-3-642-69299-4_21
https://doi.org/10.1111/jipb.13055
https://doi.org/10.1111/nph.15537

	Immunohistochemical dynamics of cell wall matrix polymers during tomato autograft healing
	Abstract
	Key message 
	Introduction
	Materials and methods
	Plant material
	Autografting method
	Immunolocalization of cell wall components
	Ruthenium red staining
	Fluorescence quantification

	Results
	Pectins
	Hemicelluloses
	Arabinogalactan proteins (AGPs)

	Discussion
	Anchor 16
	Acknowledgements 
	References


