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Abstract: Grafting is a technique applied to a considerable number of crops, with tomato standing
out. However, this technique is limited by the obtaining of unfunctional grafts, which decrease the
success rate and therefore the benefits achieved. The aim of this work was to analyze the failure in
intraspecific grafting of tomato plants, focusing on tissue development, cell wall defense reactions,
and the distribution of starch and soluble sugars at the graft junction. The success rate in autografts
was higher than that of homografts and heterografts. Unfunctional homografts and heterografts
showed similar responses: absence of vascular reconnections and lack of adhesion between scion
and rootstock, even though callus cell clusters and differentiation of new vasculature were produced.
The scions of unfunctional grafts accumulated more starch and soluble sugars than the rootstocks,
showing a strong asymmetry in the response. In addition, three types of deposits were observed in
the cell walls of unfunctional grafts: lignin, suberin, and callose, with the combined accumulation of
more than one of them being frequent, particularly lignin and suberin. These deposits apparently
prevent adhesion and seem to be a major cause of graft failure.

Keywords: callose; grafting; lignin; starch; suberin; sugars

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important and popular crops
around the world, being the sixth largest crop in terms of yield (kg/ha) [1]. This indicates
the high economic importance of this vegetable; in fact, economically speaking, tomato
is the most important vegetable crop worldwide [2], partly due to the contribution of
improved grafting techniques. Grafting began to spread at the beginning of the 1960s and
now it has become a common practice for tomato cultivation [3,4], to such an extent that at
the beginning of 2010, 50% and 75% of the tomato plants in France and the Netherlands,
respectively, were grafted [4].

The grafting process is complex, involving a sequential set of changes, from molecular
to tissue levels, at the graft interface during graft healing [5,6]. During grafting, there is an
abrupt interruption in the exchange of substances between rootstock and scion, resulting
in an asymmetry that affects the tissue development and physiological status of both
graft partners. The success of the graft will depend on an orderly process of regeneration
involving: (1) tissue damage response, cell adhesion, and callus formation; (2) tissue co-
hesion and vascular cell differentiation; and, finally, (3) vascular reconnection [7–14]. The
success of the graft is also dependent on factors such as grafting method, graft healing
conditions (especially adequate conditions of humidity and temperature), previous phys-
iological status of the plants, etc. [7,10,14]. The failure and/or unfunctionally of grafts
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can be high in certain combinations or conditions, resulting in low success ratios that are
negative to farmers and producers via the increasing of graft prizes, grafting effort, and
even graft quality. Moreover, new and potentially beneficial graft combinations are not
explored due to compatibility barriers. Some incompatibility causes are: (a) genetic dis-
tance [7,15,16], (b) physiological and/or anatomical difficulties [14,17], (c) toxic compounds
transference [18,19], (d) inadequate cell-to-cell recognition [20], and (e) triggering of stress
responses [20–23].

Understanding the reasons for graft failure, and especially the failure caused by low
compatibility, will allow for the development of new strategies aimed to improve the
graft success ratio. However, many causes of incompatibility and failure have yet to be
understood. To the best of our knowledge, the contribution of cell wall defense reactions
at the cut edges, together with sugar–starch distribution between rootstock and scion, in
unfunctional combinations are poorly studied and further research can shed light on the
causes of graft failure. Therefore, this work aimed to explore the failure and unfunctionally
of tomato intraspecific grafts, focusing on cell wall defense reactions (such as defensive
lignification, suberification, and callose deposition), soluble sugars and starch distribution,
and tissue development at the graft interface.

2. Materials and Methods
2.1. Plant Cultivation

The seeds of commercial varieties “Minibel” (Mascarel-Semillas S.L.) and “Marmande
VR” (Semillas Batlle S.A.) were sown in individual recipients with 170 ± 10 mL of peat
substrate and placed on plastic trays, as previously reported [12]. Hoagland nutritive
solution was used for watering and the substrate was maintained near to the field capacity.
The seedlings were grown in a culture chamber with 16 h of light daily (390–730 nm,
enriched in 630–660 nm and 440–460 nm; ≈35 µmol/m2/s) at 23 ± 1 ◦C.

2.2. Grafting Method

The grafts were made when the stems under the cotyledon leaves reached 3–4 mm
thickness (approximately one month after sowing). Different categories of grafts were
made: autografts (rootstock and scion from the same “Minibel” plant, abbrev. C), homo-
grafts (“Minibel” scion of one plant over “Minibel” rootstock of another plant, CC), and
heterografts (“Minibel” scion over “Marmande VR” rootstock, abbrev. CM, and “Mar-
mande VR” scion over “Minibel” rootstock, MC). Non-grafted plants were used as controls.
Scions and rootstocks were obtained by making a transverse cut below the cotyledon leaves.
Cut faces were then joined and the junctions wrapped in Parafilm®and protected using
Toogoo®silicon clips (Figures 1b and 2a). The grafted plants were kept for 7 days in a
humid atmosphere (≈90% RH), which was gradually ventilated afterward.

2.3. Sample Collection

A total of 79 grafts were made for histological analyses. From them, 12 were C, 13
were CC, 25 were MC, and 29 were CM. Approximately half of the grafts of each type were
collected 10 days after grafting (DAG) and the rest 20 DAG. The graft success ratio was
determined 10 and 20 DAG by visual inspection. Grafts with a withered appearances and
without a consolidated union were selected and processed as unfunctional grafts.
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Figure 1. (a) Success percentage for each type of scion/rootstock combination 20 days after grafting (DAG). C (Minibel
autografts), CC (Minibel homografts), MC heterografts (Marmande VR scion over Minibel rootstock heterografts), CM
heterografts (Minibel scion over Marmande VR rootstock heterografts) (N = 12, 13, 25, and 29 for C, CC, MC, and CM,
respectively). (b) Appearance of the representative types of functional grafts 10 DAG.

2.4. Fixation, Inclusion and Cuts

Segments of stems containing grafts were fixed in formalin–acetic acid–alcohol (FAA)
(24–48 h). After fixation, samples were dehydrated in ascending grades of ethanol (30 min
in 70%, 60 min in 96%, 75 min in 100%) and placed in isoamyl acetate (75 min in 100%).
Afterward, they were embedded in paraffin wax for 6 h at 60 ◦C. Paraffin blocks were
sectioned into 12 µm slices by using a rotatory microtome (Leitz-Wetzlar 1512, Leitz, Milton
Keynes, Bucks, UK). All samples were embedded in paraffin wax, except those samples
which were free-hand sectioned and used for Sudan III staining.

2.5. Histological Techniques

The 12 µm tissue sections were deparaffinized with xylene, rehydrated and stained
with four different staining methods (safranin–fast green, hematoxylin–eosin, Lugol, and
phloroglucinol). In addition, two fluorescence probes (calcofluor and sirofluor) were used.
Afterward, the tissue sections were dehydrated in ascending grades of ethanol, dewaxed
in xylene, and mounted with Entellan synthetic resin. Tissue sections observed under
epifluorescence were not stained. A Nikon E600 microscope was used for bright-field
observations and also for fluorescence probes using an UV-2 filter (330–380 nm). Sections
stained with Sudan III were observed with a Nikon SMZ 1500 stereoscope (Nikon, Tokyo,
Japan). The histological methods are summarized in Table 1.
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appearance of the junction areas of scion (sc) and rootstock (rs). (d,e) Longitudinal sections of 
unfunctional grafts, note the presence of small adhesion areas and the absence of vascular 
reconnections. (f) Longitudinal section of unfunctional graft, see the undifferentiated callus cells (c) 
and vascular groupings (vg). (g–i) Longitudinal sections of unfunctional grafts, note the 
undifferentiated callus cells (c), the vascular branches (vb, green points) arising from the pre-existing 
vasculature (pv), and the transdifferentiated (ph) parenchyma cells (t) in (g). (j,k) Longitudinal 
sections of unfunctional grafts, note the large callus tissue (c) and vascular groupings (vg). (d,e,k) 
Safranin–fast green staining. (h) Sirofluor staining. (d,e,k) Bright-field images. (f–j) Epifluorescence 
microscope images. Asterisk, cut edge; al, adhesion line; c, callus; gu, graft union; pv, pre-existing 
vasculature; rs, rootstock; sc, scion; t, transdifferentiating cells; vb, vascular branch; vg, vascular 
groupings; x, xylem or xylem cells. Scale bars: (c) = 2 mm; (d–i) = 100 μm; (j,k) = 300 μm. 

Figure 2. Morphological and structural features of unfunctional tomato grafts (a–i) 10 DAG and (j,k) 20 DAG. (a) Functional
graft for comparison. (b) Unfunctional graft, note the wilted appearance. (c) Unfunctional graft under stereoscope; left,
longitudinal view; right, transverse view; see the sealed appearance of the junction areas of scion (sc) and rootstock (rs).
(d,e) Longitudinal sections of unfunctional grafts, note the presence of small adhesion areas and the absence of vascular
reconnections. (f) Longitudinal section of unfunctional graft, see the undifferentiated callus cells (c) and vascular groupings
(vg). (g–i) Longitudinal sections of unfunctional grafts, note the undifferentiated callus cells (c), the vascular branches (vb,
green points) arising from the pre-existing vasculature (pv), and the transdifferentiated (ph) parenchyma cells (t) in (g). (j,k)
Longitudinal sections of unfunctional grafts, note the large callus tissue (c) and vascular groupings (vg). (d,e,k) Safranin–fast
green staining. (h) Sirofluor staining. (d,e,k) Bright-field images. (f–j) Epifluorescence microscope images. Asterisk, cut edge;
al, adhesion line; c, callus; gu, graft union; pv, pre-existing vasculature; rs, rootstock; sc, scion; t, transdifferentiating cells; vb,
vascular branch; vg, vascular groupings; x, xylem or xylem cells. Scale bars: (c) = 2 mm; (d–i) = 100 µm; (j,k) = 300 µm.
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Table 1. Histological methods for preparation of slides and microscope observations.

Staining Mounting Microscope Target

Safranin–fast Green Entellan Bright-field General staining
Hematoxylin–eosin Entellan Bright-field General staining

Lugol No Bright-field Starch
Sirofluor No Fluorescence Callose

Phloroglucinol (Wiesner) No Bright-field Lignin
Calcofluor No Fluorescence Cellulose
Sudan III No Stereoscope Suberin and hydrophobic compounds

- Entellan Fluorescence Autofluorescence

2.6. Amyloplast Frequency Estimation

Image analysis of amyloplast frequency was carried out using ImageJ 1.53e software.
Five histological images of longitudinal sections of the scion and rootstock at the graft
junction or of non-grafted plants were analyzed and the number of amyloplasts of 15
representative cells was reported for each image.

2.7. Soluble Sugars Extraction

Stem segments (10 mm) containing the graft interface of 14 Minibel autografts (C) at
the same stage of development as those collected for histological techniques were used for
sugar extraction. The segments were separated from the scion (5 mm) and rootstock (5 mm),
then dried at 40 ◦C and weighed. Afterward, segments were homogenized with 70%
ethanol and incubated for 24 h for soluble sugars extraction. The solution was centrifuged
for 10 min at 12,500 rpm and the supernatant was collected as an ethanol-soluble sugars
fraction. The residue was incubated for 24 h with a new 70% ethanol solution and then
centrifuged. The supernatant was collected and added to the soluble sugars fraction.

2.8. Sugar Determination

Soluble sugars quantification was performed using the phenol–sulfuric acid method [24]
and the results were expressed as glucose equivalents.

2.9. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics v. 25 software (IBM,
New York, NY, USA). The normality and homoscedasticity of the data series were tested
using Kolmogorov-Smirnov’s test and Levene’s test, respectively. Differences among
means were analyzed by using an ANOVA test (p ≤ 0.05) when normally distributed
and homoscedastic data were compared. A non-parametric Kruskal–Wallis H-test or
Mann–Whitney U-test (p ≤ 0.05) was used when data were not normally distributed or
homoscedastic.

3. Results and Discussion

The frequency of graft failure changed in relation to the different types of combinations.
Results obtained showed that the genetic distance between the varieties could be enough
to explain success ratio differences. Although all types of combinations had a success
rate greater than 50%, the success ratio in heterografts was lower than in homografts or
autografts (Figure 1). All unfunctional grafts presented similar aspects, regardless of the
type of combination. The scions showed a wilted appearance and lower vigorousness
(Figure 2a,b) presumably due to the water stress via xylem water column breakage. In
addition, about half of graft junctions showed a partially sealed appearance. None of the
unfunctional grafts formed a union callus (Figure 2c).
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3.1. Tissue Development in Unfunctional Grafts

At the histological level, tissue distribution in one-month-old, non-grafted tomato
stems matched the classic eustele model with open collateral vascular bundles and the
presence of an interfascicular vasculature to form a complete vascular ring (Figure S1).
From inside to outside: the medullar parenchyma, xylem, vascular meristem, phloem,
cortical parenchyma, and epidermis were identified.

Functional grafts 10 DAG showed callus cell clusters (undifferentiated cells), adhesion
between scions and rootstocks, and vascular reconnections (Figure S2), all of which were
generating the union callus (Figure S2a–d). These findings are compatible with the pre-
vious works about tomato graft histology [12,25–27] and the general hypothesis of callus
generation in graft unions [14]. Additionally, they shed light on graft tissues development,
especially with regard to how vascular connections are made.

Histological analysis of both unfunctional homografts and heterografts showed a
similar response. The main feature of unfunctional grafts was that they did not present
vascular reconnections (Figure 2), and the tissues of the scion and rootstock generally did
not adhere; only small areas of adhesion were detected in some grafts (Figure 2d,e).

However, callus cell clusters and differentiation of new vasculature were observed
in the unfunctional grafts. Both phenomena were identified 10 DAG (Figure 2d–i), and
new vasculature increased considerably by 20 DAG (Figure 2j,k). These findings could
indicate that the processes of cell dedifferentiation and proliferation, as well as vascular
differentiation, occur in grafts regardless of their functionality. Related to this, sometimes
functional grafts present a small callus instead of a prominent one [28], and also non-grafted
injured stems present a noticeable wound-induced callus [13]. Therefore, the presence of a
prominent callus at the junction zone is not necessarily indicative of graft functionality.

The formation of callus cell clusters and new vasculature were located close to the
pre-existing vasculature (Figure 2d,e,g–i), just like it was identified in functional tomato
grafts [12]. The primary origin of callus cell clusters is most likely the pre-existing vascula-
ture. In fact, the WIND1 transcription factor increases its expression after wounding in the
cells close to the wound and provokes cell dedifferentiation and cell division through the
activation of a signaling pathway in which cytokinins participate [29–31]. Furthermore,
WIND1 is also strongly expressed in vascular meristematic tissues [13,29].

The new vascular cells arose as: (1) branches of the pre-existing vasculature (Figure 2g–i)
(most prevalent), (2) vascular groupings (disorganized xylem) dispersed inside the callus
(Figure 2f,j,k) (also known as anastomoses [32]), and (3) parenchyma cell transdifferentiating
into xylem vessels, metaplasia events (Figure 2d,g). Furthermore, the most distal extremes of
the pre-existing vasculature remained inert, playing no active part in the response to grafting
(Figure 2e,g–i). These three methods of vasculature development have also been described in
functional tomato grafts [12], suggesting that vascular regeneration depends strongly on the
pre-existing vasculature. Auxins play a key role in the new vascular tissue formation [33–35].
The polar flux of auxins along the scion vasculature and its cell channelization might provoke
the formation of the branches that arise from the pre-existing vasculature [36,37].

3.2. Asymmetry of Rootstock and Scion Responses in Unfunctional Grafts

In unfunctional grafts, an accumulation of circulating sugars and auxins is expected to
occur in the scion side of the graft junction due to scion/rootstock disconnection, resulting
in responses as those described in Figure 3a. Sugars and auxins must be translocated from
scion to rootstock in order to enhance and consolidate the response in the latter [11,14].
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observed under a stereoscope. The dark tone indicates amyloplast presence. See the approximately 
symmetric distribution in the functional graft and the asymmetry in the unfunctional graft. (d) 
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and the asymmetric distribution of amyloplasts between the scion and rootstock. (e,f) Longitudinal 
section of 10 DAG unfunctional graft scion and rootstock, respectively. See the amyloplast (a) detail 
in (e). (g) Average number of amyloplasts per cell of sampling image analysis of non-grafted and 
functional and unfunctional 10 DAG grafts (N = 75 cells). Different letters indicate significant 
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Figure 3. Asymmetrical responses in scions/rootstocks (a) and uneven amyloplast distribution (b–g) in
unfunctional grafts. (a) Longitudinal section of 10 DAG unfunctional graft, note the differences in the
callus (c) development between scion and rootstock. (b) Longitudinal section of non-grafted tomato stem.
See the presence of amyloplasts (dark points) in different tissues of the stem. (c) Free-hand longitudinal
section of 10 DAG functional (left side) and unfunctional (right side) grafts observed under a stereoscope.
The dark tone indicates amyloplast presence. See the approximately symmetric distribution in the
functional graft and the asymmetry in the unfunctional graft. (d) Longitudinal section of 20 DAG
unfunctional graft. Note the broken adhesion line (green points) and the asymmetric distribution
of amyloplasts between the scion and rootstock. (e,f) Longitudinal section of 10 DAG unfunctional
graft scion and rootstock, respectively. See the amyloplast (a) detail in (e). (g) Average number of
amyloplasts per cell of sampling image analysis of non-grafted and functional and unfunctional 10 DAG
grafts (N = 75 cells). Different letters indicate significant differences at the p-value < 0.05 level after
Kruskal–Wallis H-test. (a) Hematoxylin-eosin staining. (b,d–f) Lugol staining. (a,b,d–f) Bright-field
images. Asterisk, cut edge; a, amyloplast; c, callus; pv, pre-existing vasculature; rs, rootstock; sc, scion.
Scale bars: (a,b,d–f) = 200 µm (10 µm in (e) detail); (c) = 1 mm.
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Uneven Distribution of Starch and Soluble Sugars Content

Amyloplasts (starch) distribution showed a marked asymmetry between unfunctional
scions and rootstocks; a high number of amyloplasts were observed in the scion tissues
(over the amount found in non-grafted stems), whereas in the unfunctional rootstocks they
were hardly detected (Figure 3b–g). In addition, the soluble sugars content of unfunctional
scions was significantly higher than that of unfunctional rootstocks. As a consequence,
the rootstock-to-scion sugar ratio shifted below 0.2 in unfunctional grafts (Figure 4), high-
lighting the asymmetry of sugar accumulation in unfunctional grafts. On the other hand,
functional grafts showed similar amounts of starch and soluble sugars between scions and
rootstocks. Soluble sugars and starch are correlated variables, and their changes could be
considered in equivalency showing an important relevance.
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Figure 4. (a) Ethanol soluble sugars content of functional and unfunctional scions and rootstocks. DW, dry weight.
(b) Rootstock/scion ethanol soluble sugars ratio in functional and unfunctional grafts. Ratio value = 1 implies same sugar
content between rootstock and scion. Different letters indicate significant differences at the p-value < 0.05 level after ANOVA
test in (a) and Mann–Whitney U-test in (b). N = 5 and 9 for functional and unfunctional grafts, respectively.

The differential pattern in soluble sugars and starch accumulation in unfunctional
grafts could be due to scion tissues near the cutting edge becoming a strong sink after cut-
ting because tissue development processes require a considerable amount of energy. While
this occurs in the scion, the rootstock tissues near the junction zone do not receive sugars
because the phloem transport is interrupted and the sugar reserves are being depleted.
On the contrary, in functional grafts, vascular reconnection occurs, phloem transport is
restored, and, presumably, the rootstock receives sugars some days after grafting. The
asymmetry in starch content has been previously identified in rose unfunctional grafts [38].

At the initial stage of graft healing, the accumulation and depletion of sugar and
auxins in the scion and rootstock, respectively, provoke the first responses in the tissues [39].
Auxins with sugars present could trigger the vascular differentiation process [33,40,41].
For this reason, at least auxins and sugars must be translocated to the rootstock to trigger
vascular differentiation [13,29]. The availability of sugars seems important to graft healing
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and their translocation is key for rootstock vasculature development. In fact, low starch
content in rootstocks has been proposed as a symptom of future failure [42].

3.3. Cell Wall Responses

If the adhesion is successful, the adhered tissues start a cell wall remodeling process
(Figure S2) and new symplastic connections are formed between scion and rootstock
tissues [25,43]. However, in the unfunctional grafts, the cells at the cut edges presented
different types of deposits in their cell walls. Three defensive compounds were identified
in these deposits: suberin (Figure 5), lignin, and callose (Figure 6), ordered from highest to
lowest abundance. These deposits occupied a variable number of cell layers in the external
zone of the cut edge. Suberin deposition usually involved a high number of cell layers
(more than 5) (Figure 5b–g), while callose deposition involved a few layers or even few
cells (Figure 6f,g). Lignification of the cut edges did not follow a clear pattern. However,
the cell walls placed the closest to the cut edges were often lignified (Figure 6a). Mixed
deposits were frequent, with the simultaneous occurrence of lignin and suberin being
most prevalent (Figure 6a–c). These deposits prevented adhesion between the scion and
rootstock and appeared to be the main factor causing the lack of functionality in this study.
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Figure 5. Deposition of suberin in longitudinal graft sections. (a) Functional graft, note the absence
of dark brown color at the adhesion line. (b,c) Twenty DAG unfunctional grafts, see the dark tones
indicating suberin (s) deposition at the cut edges and cells near the cut. Black arrows indicate lipid
inclusions. (d) Ten DAG unfunctional graft, note the suberin (s) deposition at the cut side. (e) Twenty
DAG unfunctional graft detail. Note the layer of suberin (s) deposits and the lipid inclusions (red
points) indicated by black arrows. (f) Functional graft line of adhesion, see the accumulation of
suberin in a small area of non-adhesion. (g) Twenty DAG unfunctional graft detail, see the suberin (s)
protuberance, identified by the brow color, at the cut edge. (a–f) Sudan III staining. (g) Calcofluor
staining. (a–f) Stereoscope images. (g) Epifluorescence microscope images. Asterisk, cut edge; ar,
adventitious root; rs, rootstock; s, suberin; sc, scion. Arrows indicate lipid inclusions. Scale bars:
(a–d) = 1 mm; (e,f) = 500 µm; (g) = 200 µm.
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Figure 6. Deposition of lignin and callose at cut edges of unfunctional grafts. (a) Ten DAG unfunc-
tional graft section. Note the presence of suberin (s) and lignin (lig) deposition in the scion and
rootstock, respectively. (b) Twenty DAG unfunctional graft cut edge. See the double deposition of
lignin (inner layer) (lig) and suberin (s) (outer layer). (c) Twenty DAG unfunctional graft, note the
layer of lignified cells (lig) and also the suberin (s) layer. (d,e) Ten DAG unfunctional graft section,
note the layer of lignification (lig) that prevents the adhesion. (f,g) Ten DAG unfunctional graft cut
edge, note the callose (ca) deposition, green/yellow fluorescence. See also the fluorescence in the
phloem (ph) callose plates. (c) Phloroglucinol (Wiesner) staining. (f,g) Sirofluor staining. (a,b,d–g)
Epifluorescence microscope images. (c) Bright-field image. Asterisk, cut edge; c, callus; ca, callose;
lig, lignin; ph, phloem; rs, rootstock; s, suberin; sc, scion. Scale bars: (a,b,f) = 50 µm; (c,d,g) = 100 µm;
(e) = 500 µm.

Table 2 summarizes the above observations.

Table 2. Semiquantitative comparative profiling between functional grafts, unfunctional scions, and unfunctional rootstocks
for different parameters 20 DAG.

Union
Callus

Callus Cell
Clusters

Vascular
Differentiation Adhesion Vascular

Reconnection
Amyloplast
Frequency

Soluble
Sugars

Cell Wall
Defensive
Deposits

Functional graft +++ +++ +++ +++ +++ + + −
Unfunctional scion − ++ ++ −/± − +++ +++ +++

Unfunctional
rootstock − + + −/± − ± ± ++

[+] presence; [−] absence; relative amounts indicated by number of symbol repetitions (subjective description).

The scion/rootstock cell adhesion is one of the first and essential steps during graft
healing [14,25]. Adhesion appears to be a non-specific process. In fact, internodes of
Solanum pennellii can “graft” weakly to a piece of dead wood [44]. However, the fusion
between the tissues is specific and it is strongly controlled by cell-to-cell recognition [45].
An adequate response to the graft would unlock the onset of adhesion and fusion through
modifications in the cell wall components, such as homogalacturonan (cell wall pectin) de-
position, and further de-methyl-esterification [20,25,46,47], the XTH19 and XTH20 (xyloglu-
can endotransglycosylase/hydrolase) induction [48], the β-1,4-glucanase induction [49],
the expansins action [47], and the cell wall thinning that facilitates plasmodesmata forma-
tion [20,50].

Our results suggest that the mechanism of graft adhesion and/or recognition failed in
unfunctional grafts because of a hypersensitive cell wall defense reaction (Figure 7). When
it occurs, graft-derived tissue damage would trigger a defense response [51] characterized
by suberification, lignification, and callose deposition at the cut edges. It should be kept in
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mind that these three processes have been previously associated with wound or infection
response and oxidative bursts in plants [52–58].
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Figure 7. Summary diagram of graft healing with special focus on cell wall changes. The adhesion response determines
graft success.

Therefore, our results point to triggering of hypersensitive cell wall defense reactions
as a source of graft failure in tomato grafts. We hypothesize that the graft partners,
especially the scion, respond intensely to the wound and deposit defensive cell wall
materials such as suberin, lignin, and callose, which would prevent adhesion and lead
to graft failure even though callus cell clustering and vascular differentiation would be
occurring. In addition, it could be hypothesized that a major impact of the environmental
conditions on grafting success is related to an adequate wound response, since it has been
shown in tomato grafts that low temperatures (15–20 ◦C) enhance the grafting success
ratio [59] and accelerate the vascular connection and healing process [60].

In conclusion, histological analysis of unfunctional tomato grafts showed: (a) the
lack of vascular reconnections and adhesion between scion and rootstock, (b) a strong
asymmetry in graft response as scions of unfunctional grafts accumulated more starch and
soluble sugars than rootstocks, and (c) the accumulation of lignin, suberin, and callose as
responses of defensive sealing, which apparently prevent adhesion and seem to be one of
the main causes of graft failure.

New strategies based on the control of the defensive sealing responses could improve
tomato grafting success yield. Moreover, as the defensive sealing responses are transversal
in plants, the strategies could be applied to other crops.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11061197/s1, Figure S1: Histology of tomato stem, below the cotyledon leaves,
one month after sowing. (a) Scheme of transversal section of tomato stem. (b) Transversal section
of tomato stem, observe the next distribution from the inside to the outside: pith parenchyma (pp),
xylem (x), vascular meristem (vm), phloem (ph), cortical parenchyma (cp) and epidermis (ep). Note
the vascular ring. (c–e) Longitudinal sections of tomato stems. Note in (c) the typical colour of
xylem conducting cells under UV-2 excitation, in (d) the crystalline inclusions remarked by red
circles, in (d,e) a phloem fiber (fb) and in (e) the callose (ca) of phloem sieve plates and a group of

https://www.mdpi.com/article/10.3390/agronomy11061197/s1
https://www.mdpi.com/article/10.3390/agronomy11061197/s1
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amyloplasts (a). (f) Detail image of vascular tissue, observe the difference between tracheal cells
(tch) and tracheid cells (td). (g) Detail of microcrystals (mc), observe the small size of each one. (d)
Safranin-fast green. (e) Sirofluor. (b,c,e,f) Epifluorescence microscope. (d) Bright field microscope. (g)
Polarisation microscope. a, amiloplast; ca, callose; cp, cortical parenchyma; ep, epidermis; fb, fiber; mc,
microcrystals; ph, phloem; pp, pith parenchyma; tch, trachea; td, tracheid; tri, trichome; vm, vascular
meristem; x, xylem. Scale bars: (b,c,f) = 200 µm; (d,e,g) = 100 µm. Figure S2: Histology of a functional
tomato graft union 10 DAG. (a) Graft longitudinal section, note the adhesion between scion and
rootstock and the consolidated vascular connections (VC) (b,c) Details of graft longitudinal section,
observe the vascular connections (VC) between scion and rootstock and the pre-existing vasculature
(pv) without connection. (d) Longitudinal section of vascular connection (VC), note how xylem (x)
is continuous between scion and rootstock. (e) Longitudinal section of vascular connection (VC),
observe especially how phloem (ph), distinguished by callose (ca) marking, is continuous. (f) Detail
of vascular connection (VC). (g) Junction zone of graft union, note the adhesion line (al) between
scion and rootstock. (h) Longitudinal section of graft union, birefringent structures are xylem cells,
microcrystals and amyloplasts. (i) Callus cells (c) of graft union. (j) Detail of union zone, note the
adhesion line (al) between graft parts. (d,j) Safranin-fast green. (e) Sirofluor. (g,i) Haematoxylin-
eosin. (d,g,i,j) Bright field microscope. (e,f) Epifluorescence microscope. (h) Polarisation microscope.
White arrows indicate the graft junction. al, adhesion line; c, callus cells; ca, callose; ph, phloem;
pv, pre-existing vasculature; rs, rootstock; sc, scion; VC, vascular connections; x, xylem. Scale bars:
(a–c) = 1 mm; (d,e) = 200 µm; (f–h,j) = 100 µm; (i) = 50 µm.
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