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Abstract

Grafting involves a sequence of modifications that may vary according to genotypes,

grafting techniques and growing conditions. This process is often monitored using

destructive methods, precluding the possibility of monitoring the entire process in the

same grafted plant. The aim of this study was to test the effectiveness of two non-

invasive methods—thermographic inference of transpiration and determination of chlo-

rophyll quantum yields—for monitoring graft dynamics in tomato (Solanum lycopersicum

L.) autografts and to compare the results with other reliable measures: mechanical

resistance parameters and xylem water potential. The mechanical resistance of grafted

plants steadily increased from 6 days after grafting (DAG), 4.90 ± 0.57 N/mm, to reach

values similar to non-grafted plants at 16 DAG, 8.40 ± 1.78 N/mm. Water potential

showed an early decrease (from �0.34 ± 0.16 MPa in non-grafted plants to �0.88 ±

0.07 MPa at 2 DAG), recovering at 4 DAG to reach pre-grafting values at 12–16 DAG.

Thermographic inference of transpiration dynamics displayed comparable changes.

Monitoring maximum and effective quantum yield in functional grafts showed a com-

parable pattern: an initial decline, followed by recovery from 6 DAG onwards. Correla-

tion analyses revealed a significant correlation between variation in temperature

(thermographic monitoring of transpiration), water potential (r = 0.87; p = 0.02) and

maximum tensile force (r = 0.75; p = 0.05). Additionally, we found a significant correla-

tion between maximum quantum yield and some mechanical parameters. In conclusion,

thermography monitoring, and to a lesser extent maximum quantum yield measure-

ments, accurately depict changes in key parameters in grafted plants and serve as

potential timing indicators of graft regeneration, rendering them valuable tools for

monitoring graft functionality.

1 | INTRODUCTION

Plant grafting is an ancient horticultural technique in which two

living plant parts, the stem (scion) and roots (rootstock), are joined

together in such a way that vascular continuity is established

between the two partners, resulting in a single plant (Hartmann

et al., 2018; Figure 1A). Generally, the goal is to obtain a new chimera

plant to increase yield, reduce susceptibility to diseases and increase

tolerance to biotic and abiotic stresses (Colla et al., 2010; Louws

et al., 2010).Carlos Frey and Andrés Hernández-Barriuso contributed equally to this work.
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Nowadays, fruit-bearing Solanaceae are commercially grafted on

a large scale (Bletsos & Olympios, 2008). Tomatoes are among the

most widely grown and consumed vegetables. In 2021, a total amount

of more than 5 million ha was sown worldwide, with a production of

more than 189 million tonnes of tomatoes, according to the FAO

(2021). The increasing use of grafting techniques in tomato crops

helps to manage various types of diseases and, hence increasing yield,

reducing dependence on agrochemicals and providing an eco-friendly

alternative for these purposes (Oda et al., 2005).

The formation of the graft union is a dynamic and continuous

phenomenon involving a complex series of events at the physiological,

cellular and molecular levels that are necessary to ensure the success-

ful union between rootstock and scion (Fernández-García et al., 2004;

Frey et al., 2022, 2023; Melnyk et al., 2015). In addition, grafting is an

important research tool for understanding how different physiological

mechanisms are coordinated in a wide range of plants (Notaguchi

et al., 2020; Reeves et al., 2022).

Three main stages can be identified during the development of

tomato grafts (Figure 1B, C) (Cui et al., 2021; Melnyk et al., 2015;

Moore, 1984). Briefly, in the first stage, corresponding to an early

damage response, initial callus formation occurs in the graft union

zone, coupled with the proliferation of callus cells on the cut surfaces

of the scion and rootstock (Jeffree & Yeoman, 1983; Pina &

Errea, 2005). Occasionally, defensive responses of cell walls at the cut

edges may prevent scion-rootstock attachment during this stage

(Frey et al., 2021). In the second phase, the callus cells related to the

vascular meristem, phloem and xylem parenchyma differentiate first,

forming the xylem and then the initial part of the phloem, and stem

re-vascularisation begins (Hartmann et al., 2018). Finally, new vascular

tissues develop, providing complete reconnection and revascularisa-

tion in the graft zone. This allows the sap to flow between the scion

and the rootstock, leading to full recovery of the functionality of the

grafted plant (Fan et al., 2015; Melnyk, 2017).

The lack of vascular continuity between the scion and the root-

stock impairs water, nutrient and photosynthate transport along the

stem, damaging the physiological status of the scion and rootstock. To

achieve complete graft healing, the graft must overcome the stresses

caused by this separation and repair the stem tissues. To this end, a

series of complex molecular and structural processes are activated in

both the scion and the rootstock, including enzyme expression, the

production of stress-related compounds, accumulation, depletion

and/or translocation of phytohormones, cell dedifferentiation and

vascular tissue differentiation. The success of the graft mainly

depends on the plant's efficiency during these processes (Martínez-

Ballesta et al., 2010).

The graft healing process can fail at various stages; when this

occurs, it is important to identify it as soon as possible in order to take

early action and try to solve the problems detected. Moreover, the

actual duration of the different stages varies considerably according

to genotypes, growth conditions and grafting methodology; therefore,

the implementation of methods for monitoring the grafting process

may help to improve the efficiency of the technique.

Frequently used methods for monitoring graft development

include measuring growth parameters (plant height, stem diameter,

fresh and dry weight of above-ground part and/or under-ground part

and root-shoot ratio) (Sun et al., 2021), (bio)chemical composition

(mineral nutrients, sugars, vitamin C and pigments, such as chlorophyll

and carotenoids) (Sun et al., 2021), fruit yield and quality (hardness,

soluble solid, soluble sugar, titratable acid, vitamin C and lycopene),

physiological markers (such as stomatal conductance) (Gosa

et al., 2022) and even physical parameters (such as electrical resis-

tance) (Yang et al., 1993), anatomical studies of connecting xylem ele-

ments (e.g., Melnyk et al., 2015; Thomas et al., 2022) or the use of

mobile dyes (e.g. Melnyk et al., 2015; Zhang et al., 2022). However,

most of these methods are invasive or even destructive, and therefore

unsuitable for following up the graft process on individual plants.

F IGURE 1 (A) Scheme of grafting. In the case of autografts, scion
and rootstock belong to the same plant. (B) Schematic transversal
section of a tomato stem. (C) Schematic longitudinal sections of the
graft healing process in the three stages (Stage 1: cut and wound
response; Stage 2: callus proliferation and vasculature development;
Stage 3: vascular reconnection consolidated). Approximate temporal
scales (in days after grafting: DAG) are provided at the bottom of the
scheme.
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Hence, it is desirable to develop methods that are non-invasive, sim-

ple, cost-effective, fast and capable of monitoring a large number of

plants. Two potentially useful techniques for monitoring the dynamics

of grafting are infrared thermography and the measurement of chloro-

phyll quantum yields.

Infrared thermography is a widely used imaging technique for

analysing plant interactions with the environment (Jones, 2004). It is

based on thermographic camera detecting the heat emitted by the

objects under study and subsequent analyse of these data to estimate

temperature variations. The loss of vascular continuity in the grafted

plant alters water transport along the stem and thus reduces transpi-

ration. In consequence, heat dissipation from the leaf surface is

restricted and hardly any temperature difference will be detected

between the leaves and the environment. As vascular continuity is

restored, transpiration and, thus, heat dissipation increase, leading to

a reduction in leaf temperature relative to the environment (Costa

et al., 2013; Savvides et al., 2022; Torii et al., 1992). Thermography

has been suggested as a technique to assess the quality of the graft

union (Torii et al., 1992), but this would require overcoming several

technical difficulties (Savvides et al., 2022).

Meanwhile, chlorophyll fluorescence is a good indicator of light-

dependent photosynthetic processes, and measurements of this fea-

ture are widely established in plant-environment studies. Two chloro-

phyll fluorescence parameters are usually obtained: maximum

quantum yield, corresponding to photosystem II photochemistry, and

effective quantum yield of non-photochemical processes in photosys-

tem II (Roháček, 2002). Potentially, any stress that impairs the photo-

synthetic machinery will reduce quantum yield efficiency.

Consequently, the effects of scion stresses due to grafting and recov-

ery from these can potentially result in changes in maximum and/or

effective quantum yield, which can be measured using a chlorophyll

fluorometer (Mauro et al., 2020).

The aim of this study was to test the effectiveness of these two

minimally invasive methods (thermography and maximum and effec-

tive quantum yield measurements) for potential use in monitoring

graft dynamics, using tomato autografts as a model system and seek-

ing the maximum success rate. These methods will be compared with

other single-point measurements related to graft healing, such as

mechanical resistance and xylem water potential. It is expected that

the results obtained will provide the basis for selecting potential early

markers of grafting success, which could serve as reliable and useful

tools for grafting operators.

2 | MATERIALS AND METHODS

2.1 | Plant material

Tomato (Solanum lycopersicum ‘Minibel’, Mascarell Semillas S.L.) seeds

were pre-germinated on a wet filter paper for 24 h. The resulting seed-

lings were individually grown in 200 mL containers containing a black

peat-perlite substrate (1:1) and placed in a growth chamber at 24 ± 1�C

under light (40 μmol m�2 s�1) with 16/8 photoperiodic conditions and

over 50% relative humidity. The substrate was irrigated every 3 days

with full Hoagland solution (Hoagland & Arnon, 1938) to approximately

100% of field capacity throughout the experiment.

2.2 | Autografting method

When the plant stems were 4–5 mm in diameter (about 1-month-old),

a splice graft was performed 5–10 mm below the cotyledonary leaves:

scion and rootstock from the same plant were joined and fixed by a

graft clip (Toogoo®). After grafting, plants were placed in a healing

chamber at 24 ± 1�C to maintain high relative humidity and reduce

wilting in the first few days. Illuminance and relative humidity were

regulated during grafting healing, as described in Table S1, using

shade cloths and water vaporisation, respectively.

2.3 | Mechanical resistance evaluation

A universal tensile testing system (Servosis, ME-402) was used to

determine the evolution of mechanical resistance in the stems of five

tomato grafts per DAG throughout the grafting process. The strength

was quantified by measuring the maximum force (N) necessary to split

apart the graft union. The remaining mechanical resistance parameters

(maximum elastic tensile force, yield point, coefficient of tightness and

extent of breakage) were measured simultaneously during the assays

using the universal tensile testing system. To prevent the stem from

tearing, plastic plugs were placed at the ends of the stem and tightly

adhered using quick-drying epoxy paste (Ultraglue, Fischer).

2.4 | Xylem water potential measurement

Xylem water potential of scions was measured throughout the graft-

ing process using a Scholander pressure chamber (model 600, PMS

Instrument Co.). The measurements were carried out by cutting the

stem at the internode between the third and fourth leaf of five plants

per DAG.

2.5 | Determination of stem xylem hydraulic
conductance

The stem xylem hydraulic conductance at the grafting point was

assessed in five grafted plants per DAG using a methodology pro-

posed by Melcher et al. (2012). Briefly, a 2 cm stem segment contain-

ing the attachment zone was sampled, fitted to the lower end of a

50 cm vertical silicon tube and connected above with a 50 mL final

reservoir filled with distilled water (total water column height was

60.5 cm), taking care to avoid air bubbles. The pressure exerted by

the water column (5.9*10�3 MPa) provided a flow of water passing

from the scion through the rootstock, which was collected at the

lower end of the segment in a tube and weighed at intervals until
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detecting a linear response as a function of time. The equation used

to determine conductance was: K0 = Q/ΔP, where ΔP is the pressure

and Q is the mass flow rate. ΔP = ρgh, where ρ is water density; g is

gravitational acceleration; and h is water column height.

2.6 | Thermal imaging

Twenty plants were used to infer leaf transpiration dynamics using a

thermographic camera (C3, FLIR-MSX) vertically positioned 30 cm

above each plant. The emissivity value was set at 0.95 (Jones, 2004;

Savvides et al., 2022). The plants were taken out of the healing chamber

and placed on a laboratory workbench close to the culture chamber.

Thermal images were captured under controlled conditions (22 ± 1.5�C;

41% ± 2% relative humidity) at the same hour in the afternoon. Similar

room temperature and vapour pressure were maintained for all days

and imaging times. No air flow was detected in the laboratory. Thermo-

graphic images (RBG) were analysed using the FLIR Tools programme,

taking three measurements of the surface at room temperature and

three measurements of the apical leaflets of the last three developed

leaves for each plant. The measure points were circles with a 5-pixel

radius. The temperature value of these points was considered the aver-

age among all the pixels in the circle. Changes in transpiration for each

DAG were inferred from the difference between environmental tem-

perature and plant temperature (Δ temperature).

2.7 | Measurement of chlorophyll quantum yields

To assess photosystem II efficiency, chlorophyll quantum yields were

measured using a pulse-amplitude modulated chlorophyll fluorometer

(PAM-210, Heinz Walz GmbH). Quantum yield was measured on the

three apical leaflets of three mature leaves per plant. The plants were

taken out of the healing chamber but kept in the culture chamber for

measurements. Controlled conditions (25 ± 1�C; 57.5% ± 7.5% relative

humidity) were maintained for all days and measuring times. Measure-

ments were taken in the morning, at the same time each day. Thirty

plants were used per DAG to determine maximum quantum yield, and

all measurements were carried out after plant darkness adaptation. To

ensure effective quantum yield measurement, the same 30 plants were

maintained for at least 2 h under light conditions (40 μmol m�2 s�1).

2.8 | Stereomicroscopy techniques

Free-hand transverse sections of the tomato graft junction were

obtained and stained with phloroglucinol (showing lignin) to identify

the xylem to compare its distribution with maximum tensile force evo-

lution. These samples corresponded to grafts used in the mechanical

resistance assay. Other free-hand transverse sections were obtained

≈ 5 mm above the graft union and stained with methylene blue dye

solution. This dye was used to stain the functional vessels by forcing

the dye through the graft union from the rootstock to the scion by

applying negative pressure with a syringe prior to cutting. These

samples corresponded to grafts used in the stem xylem hydraulic con-

ductance assay and were taken to visualise the functional vasculature

for comparison with the xylem conductance data. Both types of free-

hand sections were observed using a stereomicroscope Nikon

SMZ1500 equipped with a camera Nikon D4.

2.9 | Statistical analyses

To ascertain the existence of any statistically significant differences, the

Shapiro–Wilk and Levene tests were performed to, respectively, deter-

mine normal distribution and homoscedasticity. Extreme values (outliers)

in Figures 2 and 3 were removed for the statistical analysis. One-way

ANOVA was then performed, followed by Tukey's HSD post hoc test, to

determine statistical significance. Pearson's linear correlation analysis was

also performed. The significance level in both cases was set at p-value

≤0.05. Detection of statistically significant differences and multivariate

Principal Component Analysis (PCA) was performed using the Rstudio

software package (1.4.1106-©-2009–2021 RStudio, PBC). Pearson's lin-

ear correlation analysis was performed using IBM SPSS Statistics v. 25.0.

3 | RESULTS

3.1 | Progression of mechanical resistance during
grafting

The mean values for graft tensile strength (maximum tensile force)

between the scion and the rootstock became measurable after 6 DAG

(until then, they were not sufficiently adhered), yielding a value of 4.9

± 0.57 N/mm, which steadily increased throughout the graft healing

period, although significant differences between 6 and 12 DAG were not

detected due to high variability (Figure 4A). However, after 16 DAG, the

maximum tensile force was 8.4 ± 1.78 N/mm, and no significant differ-

ences in maximum tensile force were found when compared to non-

grafted plants, showing an almost complete recovery of adhesion strength.

Other mechanical resistance parameters—maximum elastic tensile

force, yield point, coefficient of tightness and extent of breakage—were

also evaluated (Figure S1). The extent of breakage and the yield point

remained below the values of non-grafted plants. However, the maxi-

mum elastic tensile force and the coefficient of tightness showed a sim-

ilar pattern to that of the maximum tensile force, reaching the values of

non-grafted controls at 16 DAG. Transversal sections of non-grafted

stems and split grafts showed the development of the vasculature at

the graft junction. A clear xylem ring (highlighted in red by phlorogluci-

nol staining for lignin) became visible at 16 DAG (Figure 4B).

3.2 | Evolution of water potential during graft
healing

An early, rapid and significant decrease in xylem water potential was

measured in the scions after grafting (from �0.34 ± 0.16 MPa on

non-grafted plants to �0.88 ± 0.07 MPa at 2 DAG; Figure 5). At
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F IGURE 2 Legend on next page.

FREY ET AL. 5 of 11
Physiologia Plantarum

 13993054, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13935 by B

ucle - U
niversidad D

e L
eon, W

iley O
nline L

ibrary on [07/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 3 Variation in maximum and effective quantum yield of 30 plants throughout the grafting process. (A) Box plot representation of
maximum quantum yield as a function of time after grafting (left side); time-dependent changes in maximum quantum yield of the individual
plants measured as before (right side). (B) Box plot representation of effective quantum yield as a function of time after grafting (left side); time-
dependent changes in effective quantum yield of the 30 individual plants measured as before (right side). In box plots, different letters indicate

significant differences at the p-value ≤0.05 level after ANOVA analysis of variance followed by Tukey's test. 0 DAG indicates non-grafted plants
at the beginning of the experiment.

F IGURE 2 (A) Left side: infrared thermography top views of representative plants on different days after grafting. The colour palette for

temperatures ranges from red (high temperatures) to blue (low temperatures). The ratio (X/20) at the bottom left of each image indicates the
number of plants with the same phenotype as the representative image. Right side: same representative plants under natural lighting. Scale bars:
5 cm. (B) Left side: box plot representation of time-dependant changes in inferred transpiration as variation in temperature (ambient T – leaf T)
throughout the grafting process (n = 20). Right side: variation in inferred transpiration of the 20 individual plants as shown before. In box plots,
different letters indicate significant differences at the p-value ≤0.05 level after ANOVA analysis of variance followed by Tukey's test. 0 DAG
indicates non-grafted plants at the beginning of the experiment.
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8 DAG, the recovery of xylem water potential to the levels measured

in non-grafted plants was well advanced. However, this parameter

was only fully restored at later stages (12 and 16 DAG). To determine

the reconstitution of the water column, xylem water conductance was

also evaluated (Figure S2). Xylem functionality was detected at 4 DAG

but was still very low, and it was not until 16 DAG that it reached

values close to those of the non-grafted plants (Figure S2). The

increase in water conductance during grafting was concurrent with

the development of functional vascular connections that reconnected

flow through the xylem. The functional vasculature of the scion at

4 DAG only occurred in small patches, whereas at 16 DAG larger

areas of functional vasculature, forming a ring was evident (Figure S2).

3.3 | Monitoring of graft healing dynamics by non-
invasive methods

3.3.1 | Transpiration inference by thermography

By measuring the temperature at the leaf surface of scions, it is pos-

sible to infer transpiration dynamics under controlled conditions,

such as the absence of wind or any other fluctuating weather condi-

tions. This minimises the effect of variability derived from factors

such as variations in air vapour pressure deficit, differences in plant

leaf surfaces or even changes in the orientation of the sampled

leaves (Maes & Steppe, 2012; Costa et al., 2013). It is, therefore,

appropriate to use plants cultivated in growth chambers with con-

trolled environmental variables (Savvides et al., 2022). In our study,

infrared thermal images showed clear changes in leaf temperature

(Figure 2A) and, therefore, in inferred transpiration during graft

healing.

Differences between ambient and leaf temperature decreased

significantly on the first DAG until reaching almost zero values

(no temperature difference with respect to a surface at room tem-

perature). Thereafter, the inferred transpiration gradually recov-

ered from 4 DAG onwards. Although the values recorded were

highly variable, the grafted plants recovered their pre-cutting tran-

spiration values by 6 DAG, with no further changes occurring

throughout the grafting process (Figure 2B). Monitoring the tran-

spiration of each individual plant revealed a consistent general pat-

tern despite the variability observed among the individual grafted

plants (Figure 2B).

F IGURE 4 (A) Box plot
representation of the variation in
graft tensile strength (maximum
tensile force), relativized to the
diameter of the section,
throughout the grafting process
(n = 5). Measurements at 1, 2 and
4 days after grafting (DAG) could
not be performed because the

grafts were not sufficiently
adhered. Different letters indicate
significant differences at the p-
value ≤0.05 level after ANOVA
analysis of variance followed by
Tukey's test. 0 DAG indicates
non-grafted plants at the
beginning of the experiment.
(B) Magnified observation of
phloroglucinol staining of non-
grafted and graft transversal
sections at 12 and 16 DAG.
Bar = 1 mm.
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3.3.2 | Quantum yield measurements

The maximum quantum yield of photosystem II underwent a signifi-

cant sharp decline soon after grafting (1–4 DAG) but subsequently

increased so that there was no further significant difference compared

to non-grafted plants by 8 DAG (Figure 3A). The evolution of the

effective quantum yield (Figure 3B) mimicked the above parameter

with slight differences, as the drop in effective quantum yield was

delayed (4 DAG vs. 1 DAG for maximum quantum yield) and recov-

ered more quickly; from 6 DAG onwards, grafted plants had similar

values compared to non-grafted controls.

Interestingly, some grafted plants that had shown a significant

decrease in both maximum and effective quantum yield at 6–8 DAG

showed no difference thereafter and finally proved to be successfully

developed grafts. Nevertheless, it was possible to follow the evolution

of one unfunctional graft that had shown significantly lower maximum

and effective quantum yield values as early as 6 DAG and did not

recover thereafter (Figure 3).

3.4 | Variable correlation and multivariate analysis

Pearsons linear correlation test identified significant correlations

among mechanical resistance parameters, water potential, tempera-

ture difference (ΔT), maximum quantum yield and effective quantum

yield. In particular, ΔT correlated significantly with maximum tensile

force (r = 0.75; p = 0.05) and water potential (r = 0.87; p = 0.02;

Figure 6). In addition, maximum quantum yield correlated significantly

with all mechanical resistance parameters except maximum elastic

tensile force (Figure 6). A PCA distributed samples along Principal

Component 1 (PC1; accounting for 98.9% of total variance) in a DAG-

dependant way (Figure S3A). After PCA, three groups of samples

could be distinguished from the negative to the positive side of PC1:

(1) initial stages of graft healing (1–4 DAG); (2) intermediate stages of

graft healing (6–12 DAG) and (3) non-grafted and late stages of graft

healing. PC2 contributed to further separate group 2 from groups

1 and 3. Water potential and ΔT were the variables with the highest

contribution to PC1 and PC2 (Figure S3A).

4 | DISCUSSION

4.1 | Evolution of evaluated parameters during
tomato graft healing

The study results showed the dynamics of several physical and physi-

ological parameters during the tomato grafting process with specific

healing conditions (Figure S3B) and are summarised in Figure 7.

PCA grouped initial, intermediate and late post-grafting times

separately, indicating that the variables studied here are highly related

to the graft healing process.

On the first DAG, all of the evaluated parameters, except quantum

yields, decreased drastically with regard to non-grafted plants, showing

the expected effects of grafting on the scion: water stress due to loss of

xylem continuity, with the inherently reduced transpiration as a result of

stomata closure (Hartmann et al., 2018; Martínez-Ballesta et al., 2010).

Quantum yields also decreased but did not reach their minimum until

4 DAG. This delay may have occurred because the photosynthetic pro-

cess is indirectly affected by water stress (via reduction of the CO2 con-

centration in the mesophyll as a consequence of stomata closure),

whereas water potential and transpiration are directly related to water

availability (Martínez-Ballesta et al., 2010; Melnyk, 2017) (Figure 7).

Only ΔT and water potential, in a minor extent, started recovery

at 4 DAG. In addition, xylem conductance showed that xylem trans-

port was restored (poorly) from 4 DAG onwards. This might indicate

F IGURE 6 Pearson's linear correlation matrix for all variables.
Numbers are the correlation value (r). Colour scale indicates more
correlation in green and less correlation in red. Coefficient of
tightness correlation is expressed multiplied by �1. Blue edges
indicate statistically significant correlation: p-value ≤0.05.

F IGURE 5 Box plot representation of the variation in water
potential of scions throughout the grafting process (n = 5). Different
letters indicate significant differences at the p-value ≤0.05 level after
ANOVA analysis of variance followed by Tukey's test. DAG: days
after grafting. 0 DAG indicates non-grafted plants at the beginning of
the experiment.
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that transpiration recovered rapidly when water started to reach the

scion. The recovery of water potential was prolonged, occurring

between 4 and 12 DAG. However, the recovery of quantum yields

and ΔT parameters was detected between the 4–6(8) DAG interval.

The foregoing suggests that the interval corresponding to 4–6 DAG

represents a critical threshold for the successful evolution of tomato

grafts. In fact, we submit that if the graft union is not well established

by this time, the scion may not overcome persistent water stress and

the graft is likely to fail (Frey et al., 2021).

Water transfer to the scion depends on vasculature reconnec-

tion, at least by a few cells (Melnyk et al., 2015). The evolution of

transpiration and water potential parameters may be correlated

with xylem connectivity. Transpiration changes could track early

xylem connection and increased water potential, which appear to

be well correlated with the amount of xylem that has reconnected.

Previous histological studies showed complete xylem reconnection

around 10 DAG (Frey et al., 2020). Here it is proposed that the

earliest vascular reconnection takes place at approximately

4 DAG. Another study (Fan et al., 2015) claimed that vascular

reconnection requires at least 7 days, but Fernández-García et al.

(2004) reported functional water transport between 4 and 8 DAG,

while Cui et al. (2021) indicated the 5–9 DAG interval, both of

which are more in accordance with our results. However, healing

conditions and the developmental stage of the plant must surely

influence this process.

At 6 DAG, mechanical resistance parameters were measurable,

but the union between scion and rootstock was still weak and only

recovered values close to those of non-grafted controls at 16 DAG. In

light of this finding, maximum tensile force seems to be correlated

with the development of new vasculature after early reconnection

(Lindsay et al., 1973; Moore, 1984).

4.2 | Effectiveness of thermography and quantum
yield for monitoring graft healing

Thermography is a widely used technology in plant sciences

research (Harrap et al., 2018). Nowadays, thermal images are being

optimised for stress detection in crop fields, and they promise to

become an essential tool in agriculture (Pineda et al., 2021). Thus,

the state-of-the-art points to the use of thermography as a cutting-

edge tool. Our study results support the potential application of

thermography for inferring transpiration and monitoring graft heal-

ing. The thermographic method described here, based on determin-

ing leaf and environmental ΔT, has proven to be a good tool for

monitoring tomato graft healing. Pearson's linear correlation matrix

for all variables evidenced that ΔT correlated with physiological

parameters that reliably indicate the development of the graft heal-

ing process: water potential and maximum tensile force. In addition,

the high contribution of ΔT (inferred transpiration) to the PCs

F IGURE 7 Scheme summarising the graft dynamics with a particular focus on some of the changes in the physiological parameters studied
here: quantum yield, transpiration, water potential and water conductance, together with adhesion force (maximum tensile force).
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further supports the hypothesis that this parameter is a good tool

for graft monitoring. Furthermore, while water potential and maxi-

mum tensile force determinations are invasive and also rather com-

plicated to perform in a short period of time, this method is simple,

non-invasive and easy to perform in a short time. In research, some

methods have been developed for monitoring vascular reconnection

in grafts (Melnyk et al., 2015; Wulf et al., 2020); however, they are

equally cumbersome and invasive.

With regard to quantum yield measurements, in our study,

the maximum quantum yield correlated better with the other parameters

than the effective quantum yield. This finding fits well with the higher

sensitivity to environmental stresses of photosystem II photochemistry

compared to non-photochemical processes (Roháček, 2002), and there-

fore, only maximum quantum yield would seem to be an appropriate

method to monitor graft healing, as it correlated well with mechanical

resistance parameters. Calatayud et al. (2013) reported that maximum

quantum yield is capable of identifying compatibility problems in melon

grafts. In addition, the use of chlorophyll fluorescence parameters has

already been used to monitor water stress (Calatayud et al., 2006). Fur-

thermore, the maximum quantum yield has been applied to evaluate dif-

ferent plant stresses, such as salt stress, for example, in tomato plants

(Shin et al., 2020).

In conclusion, the clear distribution of physical and physiological

parameters into three temporal groups is evidence of the evolution

over time of these variables and implies that they are highly related to

the graft healing process, supporting the potential use of some of

these variables to monitor the grafting process. Monitoring grafting

progress using thermography and/or maximum quantum yield mea-

surements could be useful for companies interested in acquiring

affordable and effective control over grafting plants to efficiently

adjust healing chamber conditions. Moreover, these methods could

serve as early detection markers of graft failure and could play a role

in transforming the horticulture industry by reducing costs, in time

and money, for grafting operators. Scale-up of the technique pre-

sented here has high potential to improve the yield of grafted tomato

(and analogous crops). However, to achieve this, several recommenda-

tions should be taken into account: to be effective, thermography for

monitoring transpiration requires that the environmental conditions

should be controlled to the greatest extent possible, trying to take the

measurements at the same hour of the day and avoiding the effect of

wind or variations in light or humidity (Poirier-Pocovi & Bailey, 2020;

Savvides et al., 2022). If applying this method to plants grown in a

greenhouse, then thermography should be used in sunny conditions

and on plants in well-watered substrates (Poirier-Pocovi &

Bailey, 2020; Vialet-Chabrand & Lawson, 2020). It is advisable to stan-

dardise leaf temperature measurements, always photographing per-

pendicular to the leaf and at the same distance, and introducing

reference temperatures to control for sensitivity to ambient condi-

tions such as radiation, air temperature, humidity, etc. (Jones

et al., 2009; Savvides et al., 2022; Vialet-Chabrand & Lawson, 2020).

Finally, these techniques should be specified for each grafted crop,

taking into account that their physiological responses to stresses,

water or radiation requirements or photosynthetic efficiencies, to cite

some examples, may differ (Costa et al., 2013; Jones et al., 2009).
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