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Abstract: This study investigated the effects of green and red photo-selective filters (shade nets)
on the process of graft union formation (healing and acclimation) in grafted tomato plants. The
research evaluated oxidative stress, physiological characteristics, and anatomical development of
graft unions. Plants were subjected to green-netting, red-netting, and no-netting treatments for
28 days, starting 4 days after grafting. Markers of oxidative stress, including reactive oxygen species
(ROS), superoxide dismutase (SOD), peroxidase (POD), and malondialdehyde (MDA), as well as
protein concentration of SOD/POD enzyme-enriched extracts, were quantified. The anatomical
development of the graft unions was examined using microscopy. The results demonstrated that
the red and green photo-selective filters increased ROS production by 5% and 4% after 3 days of
exposure, by 58% and 14% after 7 days, and by 30% and 13% after 14 days in comparison to the
control treatment. The increase in ROS activates the defense mechanism, enhancing the activity of
SOD and POD enzymes. In terms of anatomy, the green netting resulted in enhanced cell proliferation
and early differentiation of vascular tissue cells. Notably, at the 28-day mark, when the plants were
ready for transplanting, the green-net treatment showed a reduction in lipid peroxidation damage
and increases of 20% and 54% in dry weight compared with the control and red-net treatments,
respectively. Finally, our results suggest that the use of a green photo-selective filter has a positive
effect on oxidative stress, anatomical development, and overall growth of grafted tomato plants
during the process of graft union formation.

Keywords: Solanum lycopersicum; grafting; red net; green net; abiotic stress; oxidative stress; acclimation

1. Introduction

Tomato (Solanum lycopersicum L.) holds the distinction of being the most cultivated
vegetable worldwide [1], but its production faces considerable challenges due to abiotic and
biotic stresses. To address these challenges, grafting has emerged as a rapid and efficient
technique that improves adaptability and confers resilience to a range of stressors [2].
Grafting in tomato cultivation has gained considerable popularity in various countries,
including China, the United States, Italy, Spain, and others [3]. While the primary goal of
tomato grafting onto suitable rootstocks is to enhance resistance to soil-borne pathogens,
the practice has evolved to include broader goals, such as improving root nutrient uptake,
promoting growth, increasing yield, improving fruit quality, and enhancing tolerance to
both biotic and abiotic stresses [4–9].
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Grafting is a physical manipulation method whereby two plants are joined by their
stems, with one providing the aerial part (the cultivar) and the other providing the root-
stock [10]. Following this union, the newly formed plant undergoes two critical processes:
the healing of the graft union and the acclimation of the grafted plant [11]. Several bio-
chemical, physiological, and cellular processes take place during the formation of the graft
union and collectively determine the timeline and outcome of the procedure. Grafting
causes mechanical damage to the plant that sets off responses like the effects of oxidative
and osmotic stress. The plant’s physiological defenses to counteract the damage include
inhibition of cell elongation; stomatal closure; and reductions in transpiration, stomatal
conductance, and CO2 assimilation. Photoinhibition and/or photooxidation may also
occur [12,13].

Furthermore, there is an accumulation of reactive oxygen species (ROS), including
superoxide (O2

.−) and hydrogen peroxide (H2O2). These ROS have the potential to cause
oxidative damage unless counteracted by antioxidant enzymes, namely, catalase (CAT),
superoxide dismutase (SOD), and peroxidase (POD) [14]. The SOD enzyme serves as
the primary line of defense against ROS by converting singlet oxygen (1O2 ) to hydrogen
peroxide (H2O2). The POD enzyme plays a complementary role by decomposing hydrogen
peroxide to water (H2O), like the CAT enzyme [15]. The POD enzyme has an important
role in the development of grafted plants. This was highlighted by Fernandez et al. [16],
who observed a significant surge in POD activity at the graft site one day after grafting. The
increased activity is likely due to the involvement of the POD enzyme in lignin synthesis in
response to wounding, as well as its role in the differentiation of new vascular strands [17].

Also, the use of green and red phospho-selective filters in grafted plants results in
higher ROS accumulation and subsequently lower accumulation of MDA due to the inter-
action among light quality, photosynthesis, and the antioxidant defense mechanisms of
plants [18]. It is possible that the use of green and red phospho-selective filters can alter
the balance of the absorbed light energy and affect ROS production during photosynthesis.
The higher ROS levels, especially when exposed to red light, trigger antioxidant defense
mechanisms, which ultimately reduce the accumulation of MDA by preventing excessive
lipid peroxidation. This response reflects the ability of plants to adapt to changes in light
quality and manage oxidative stress with their antioxidant regulatory systems [18,19].
Additionally, soluble proteins within plants function as both osmotic regulators and reser-
voirs for a variety of plant enzymes, playing a pivotal role in governing the growth and
metabolism of plant cells [19]. However, during the process of graft union formation,
plants begin to accumulate soluble sugars and amino acids, including proline, to protect
themselves against potential cellular membrane collapse and the breakdown of cellular
compartments [20]. This process also leads to the accumulation of malondialdehyde (MDA),
the primary product of lipid peroxidation. As a result of oxidative stress, the accumulation
of MDA induces the denaturation of proteins and nucleic acids, as well as the degradation
of structural components within cells, affecting the permeability of cell membranes [21].

Tissue adhesion begins with the accumulation of polysaccharides, such as cellulose
and pectin, that coat the cell walls [22]. Simultaneously, callus-like masses of undifferenti-
ated cells (known as callus tissue) proliferate adjacent to the existing vascular tissue [23].
Achieving homeostasis allows the plant to rebuild tissues and forge a union between the
two components of the graft. A robust vascular connection between the scion and the
rootstock determines the physiological functionality of the plant, influencing vital processes
such as water and nutrient uptake and translocation, which in turn regulate nutrition, organ
growth, photosynthesis, and transpiration [24].

Ensuring optimal environmental conditions during graft union formation is critical
to the survival and quality of grafted plants. While comprehensive literature exists on
factors such as temperature, relative humidity, and light-intensity conditions in tomato
cultivation [15,25–27], there is still a lack of information on the effect of light quality on
graft healing and acclimation. Light quality refers to wavelength or color, whereas light
intensity refers to photon flux density or irradiance. The combined effect of wavelength
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and light intensity produces a spectrum of incident radiation in the plant environment that
affects its growth and development [28].

The spectrum of incident radiation can be modified using LED lighting, supplemental
light sources, and photo-selective filters such as polypropylene screens and colored netting.
These modifications have the potential to induce a wide range of morphogenetic responses
in plants such as stem elongation, plant height, and promotion of flowering, among
others [29]. Shading screens (typically white or black) have been used to protect plants
from direct solar radiation, thereby reducing temperature, increasing ventilation, and
raising relative humidity [30]. In addition, it has been observed that colored netting,
acting as a photo-selective filter, alters the light spectrum and thus drives light-mediated
physiological responses in plants, including photosynthesis and photomorphogenesis [30].

Previous studies have investigated the effects of different wavelengths within the visi-
ble spectrum on plant growth, revealing morpho-physiological, biochemical, and anatomi-
cal changes [31–38]. However, current knowledge regarding the influence of colored shade
nets during the critical phase of graft union formation is limited. The aim of this study
was to fill this gap by performing a comprehensive assessment of metabolic effects on
grafted tomato plants exposed to green and red photo-selective filters (shade nets) during
the healing and acclimation phases. The analysis included the quantification of oxidative
stress, with the purpose of providing detailed insights into the anatomical development of
the graft union.

2. Results
2.1. Oxidative Stress
2.1.1. Determination of Reactive Oxygen Species

Four days after grafting, photo-selective filters were placed over the plants for a period
of twenty-eight days. After three days of exposure, ROS levels in the incision zone showed
an increase in both the red-net (5%) and green-net (4%) treatments compared with the
control (Figure 1). After seven days of exposure, ROS levels increased by 58% under the
red nets and by 14% under the green nets compared with the control (Figure 1). The peak
of ROS content in all treatments was reached after 14 days of exposure, with red and green
nets showing higher levels compared with the control (30% and 13%, respectively). While
ROS production was stabilized after apical incision, the red-net treatment continued to
produce higher levels of ROS relative to both the green-net and control treatments.
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Figure 1. Fluorescence of reactive oxygen species (ROS) at the graft union site in tomato plants
subjected to lighting with photo-selective green filter and red filter, and unfiltered control plants.
Measurements were made after 3, 7, 14, 14, 21, and 28 days of exposure. Letters (ab, ABC, def, DEF,
ghi) indicate statistical differences for each date analyzed with ANOVA and Tukey’s test (p < 0.05).

2.1.2. Superoxide Dismutase Enzyme Activity

After 3 days of exposure, no significant differences were observed among the treat-
ments. After 7 days, the red-net treatment exhibited a 129% increase in SOD enzyme activity
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compared with the control and a 67% increase compared with the green-net treatment.
After 14 days of exposure, SOD enzyme activity peaked in all the treatments, with no
significant differences between the red- and green-net treatments, but it showed a marked
difference compared with the control. After 21 days of exposure, SOD enzyme activity de-
creased significantly and then stabilized by day 28, with no significant differences observed
among the treatments (Figure 2).
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Figure 2. Activity of the enzyme superoxide dismutase at the graft union site in tomato plants
subjected to lighting with photo-selective green filter and red filter, and unfiltered control plants.
Measurements were made after 3, 7, 14, 21, and 28 days of exposure. Letters (ab, AB) indicate
statistical differences for each date analyzed with ANOVA and Tukey’s test (p < 0.05). ns: not
significant. Bars indicate standard errors.

2.1.3. Peroxidase Enzyme Activity

After 3, 7, and 14 days of exposure, higher POD enzyme activity was observed in
both the red- and green-net treatments compared with the control, with no significant
differences between the two treatments. However, after 21 and 28 days of exposure, the
red-net treatment exhibited higher POD enzyme activity than both the control and the
green-net treatments (Figure 3).
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Figure 3. Peroxidase enzyme activity at the graft union site in tomato plants subjected to lighting with
photo-selective green filter and red filter, and unfiltered control plants. Measurements were made
after 3, 7, 14, 14, 21, and 28 days of exposure. Letters (ab, AB, de, DE, gh) indicate statistical differences
for each date analyzed with ANOVA and Tukey’s test (p < 0.05). Bars indicate standard errors.
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2.1.4. Determination of Malondialdehyde

Tomato plants subjected to the green- and red-net treatments exhibited elevated lipid
damage levels (31% and 15%, respectively) after 3 days of exposure compared with the
control. However, this trend reversed over time, and by the 14th day of treatment, the
control showed 27% and 29% higher MDA content than the green- and red-net treatments,
respectively. By the end of the 28-day period, lipid damage in the green-net treatment
decreased by 15% in comparison to both the control and the red-net treatments. The results
are indicated in the Figure 4.
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Figure 4. MDA content generated by lipid peroxidation at the grafting site in tomato plants subjected
to lighting with photo-selective green filter and red filter, and unfiltered control plants. Measurements
were made after 3, 7, 14, 14, 21, and 28 days of exposure. Letters (ab, AB, de, DE) indicate statistical
differences for each date analyzed with ANOVA and Tukey’s test (p < 0.05). ns: not significant. Bars
indicate standard errors.

2.1.5. Protein Concentration of SOD/POD-Enriched Extracts

After 3 days of exposure, no significant differences were observed between the unfil-
tered control and the green-net treatment. However, both had a higher concentration of
protein compared with the red-net treatment. After 7 days of exposure, the control showed
increased total protein content, while no significant differences were observed between the
green- and red-net treatments (Figure 5). After 14 days of exposure, the control maintained
a higher concentration of protein compared with the other treatments. After 21 days of
treatment, no significant differences were observed among the treatments. However, by
day 28, the green-net treatment showed increased protein content (Figure 5).
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Figure 5. Protein concentration of SOD/POD-enriched extracts at the graft union site in tomato
plants subjected to lighting with photo-selective green filter and red filter, and unfiltered control
plants. Measurements were made after 3, 7, 14, 14, 21, and 28 days of exposure. Letters (ab, AB, def,
DEF) indicate statistical differences for each date analyzed with ANOVA and Tukey’s test (p < 0.05).
ns: not significant. Bars indicate standard errors.
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2.2. Anatomical Development

After 3 days of exposure, significant differences in vascular tissue development were
observed, with the green-net treatment showing markedly superior xylem development and
union between rootstock and cultivar (Figure 6). After 7 days, both the red- and green-net
treatments showed more advanced vascular tissue development in contrast to the control,
which had weaker union. However, between days 14 and 21, there was greater xylem
fluorescence in the control treatment, although the graft line remained distinguishable. In
contrast, the other treatments showed more advanced xylem development and a stronger
union over this time, with only a faintly visible graft line.
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Figure 6. Longitudinal stem sections corresponding to graft union after 3, 7, 14, and 21 days of
exposure. Images are shown under bright-field microscopy and are contrasted with fluorescence
microscopy to compare the development of the vascular connection. Rootstock (RS), scion (SC),
adhesion line (al), no adhesion (na), vascular connection (vc), undifferentiated cells (uc), xylem (x),
phloem (ph). White box indicates the scale bar: 250 µm (A) and 200 µm (B).
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After 3 days of exposure, cell proliferation was noted near the vascular system in the
control treatment (Figure 7A,B), and masses of undifferentiated cells with indistinct nuclear
features could be seen under the microscope. In the red-net treatment (Figure 7C,D), the cell
masses began to differentiate into xylem vascular tissue, although the cells were still smaller
and/or shorter than mature xylem cells. In the green-net treatment (Figure 7E,F), cell masses
were identified in a significantly more advanced stage of differentiation compared with
the control, similar to the red-net treatment but with slightly more elongated xylem cells,
indicating further progression of cell elongation.
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2.3. Fresh and Dry Plant Weight

No significant differences in fresh weight were observed among the treatments
(Figure 8). However, in terms of dry weight, the green-net treatment consistently out-
performed the others in all measurements. After only 3 days of exposure, the green-net
treatment showed dry weight increases of 160% and 110% compared with the control and
red-net treatments, respectively. Upon reaching the transplanting stage at the 28-day mark,
the green-net treatment showed dry weight gains of 20% and 54% over the control and
red-net treatments, respectively (Figure 9). Initially, after 3 days of exposure, the use of
green netting resulted in greater dry matter accumulation in tomato shoots relative to roots,
in contrast to the control and red-net treatments. However, by the 28-day mark, as the
plants approached transplant readiness, all treatments had similar shoot-to-root ratios, with
shoot growth dominating (Figure 10).
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Figure 8. Fresh weight of tomato plants subjected to lighting with photo-selective green filter and
red filter, and unfiltered control plants. Measurements were made after 3, 7, 14, 21, and 28 days
of exposure. Analyzed with ANOVA and Tukey’s test (p < 0.05). ns: not significant. Bars indicate
standard error.
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exposure. Letters (ab, AB, de, DE, gh) indicate statistical differences for each date analyzed with
ANOVA and Tukey’s test (p < 0.05). Bars indicate standard error.
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3. Discussion

Previous research has shown that plant responses vary depending on the type of
incident radiation. These responses can include adverse effects, such as cell membrane
damage, reduced photosynthetic rates, and premature aging. Conversely, they can also
have beneficial effects, such as accelerated growth and increased stress resistance, achieved
by activating antioxidant responses to mitigate the effects of ROS [39]. ROS production has
a significant role in various cellular processes, such as cell signaling, and it can be involved
in graft union formation in plants. In fact, our study showed that the use of green and red
photo-selective filters led to increased ROS production at the graft union site compared
with the control. Although an increase in ROS is harmful, fine control of ROS production
is a signal to activate plant defense mechanisms, promoting the activation of antioxidant
enzymes and other protective responses to prevent infection and promote healing after
grafting [17,18,27,40]. Therefore, the increase in ROS is related to the increase in SOD and
POD enzymes in the graft union area.

After 21 days of exposure, a reduction in ROS levels was observed in all treatments,
consistently with a marked decrease in SOD activity. This pattern could be attributed
to (i) a positive union and anatomic development (advanced xylem development and
a stronger union); (ii) the apical incision performed on day 15 of treatment to facilitate
the formation of guide shoots. This new incision likely caused damage that required an
immediate antioxidant response.

In addition, the antioxidant response on day 7 of exposure resulted in a significant
increase in SOD enzyme activity in the red-net treatment, an effect that was replicated on
day 14 in the green-net treatment—both significantly different from the control. In essence,
both filters appeared to induce analogous antioxidant responses at the graft site.

The effect of red-net treatment is consistent with the findings obtained by Manivannan
et al. [41], who observed elevated levels of SOD and other antioxidant enzymes in Dianthus
caryophyllus explants after 8 weeks of exposure to red LED light (450 nm). The increase
correlated with improved explant growth in terms of both length and root count, as well as
improved photosynthetic parameters. This favorable outcome may be related to increased
levels of endogenous hormones, including cytokinins and gibberellins, which are known to
facilitate cell division, differentiation, and elongation.

Conversely, Xu et al. [42] showed that green light enhanced in vitro root growth of
Cunninghamia lanceolata plants, in part due to increased activity of the antioxidant enzymes
SOD and POD. In addition, green light inhibited the accumulation of MDA, a by-product of
lipid peroxidation. Our results are consistent with this observation, as both filters similarly
increased POD enzyme activity in response to ROS levels. The increase in the POD enzyme
could reduce the levels of substrates necessary for lipid peroxidation, resulting in reduced
MDA levels compared with the control. Likewise, in vitro cultured Withania somnifera L.
plants exposed to green light exhibited greater SOD production than those exposed to red
light and the white-light control. As indicated in the introduction of this manuscript, low
accumulation of MAD might indicate the ability of acclimatized and grafted plants to adapt
to photo-selective filters.

Furthermore, the production of POD was more pronounced under the influence of
green light compared with the control, whereas no significant difference was observed
in the red-light treatment. Both enzymes play a key role in mitigating the effects of ROS
generated during plant metabolism. As the first line of defense, the SOD enzyme catalyzes
the conversion of superoxide anion radicals to hydrogen peroxide. The POD enzyme, in
turn, aids in the oxidative breakdown of hydrogen peroxide into co-substrates, such as
phenolics or other antioxidant compounds [14].

Specifically, in the context of grafting, Li et al. [43] incorporated green-light exposure
for recently grafted tomato plants, resulting in improved survival rates and increased
activity of antioxidant enzymes such as peroxidase. This improvement was evident in an
accelerated vascular regeneration process, with the POD enzyme catalyzing lignin synthesis
in vascular tissues and tracheary elements. In support of these findings, Fernandez et al. [20]
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strengthened the argument by demonstrating that the POD enzyme was concentrated
around the graft union region, with its increase correlating with xylem lignification.

Our results support this information, as we observed increased proliferation and
early differentiation of vascular tissue cells (Figures 6 and 7) under the influence of both
red and green netting. In contrast, the control group showed delayed cell differentiation.
In particular, the green net induced xylem differentiation as early as day 3 of treatment
(equivalent to 7 days after grafting), as shown in Figures 6 and 7, while the green net
accelerated tissue union, a phenomenon supported by studies by Fan et al. [44] and Frey
et al. [23]. These studies showed the existence of functional connections between specific
graft regions, and the xylem and phloem of the rootstock as early as 10 days after grafting.
While lignin was usually present in non-union areas, its levels decreased as the graft healed,
consistently with the observations by Frey et al. [23].

Our results show that the application of the green-net treatment resulted in increased
total plant dry weight compared with both the control and red-net treatments (Figure 9). In-
terestingly, these results differ from those reported by Adil et al. [18], who found higher dry
weight under red light than under green light in Withania somnifera L. plants. This discrep-
ancy suggests that the involvement of red-light receptors could stimulate tissue formation
by enhancing the transport and biosynthesis of growth regulators. In our investigation,
the red-net treatment showed no significant differences in dry weight compared with the
control. This observation is consistent with the study by Lara et al. [45], who applied a red
net to Spinacia oleracea L. (spinach) plants and compared them with an unfiltered control.

On the contrary, alternative studies have shown that the incorporation of green light
in basil (Ocimum basilicum L.) cultivation resulted in higher biomass accumulation in both
fresh and dry weight compared with the control under white-light conditions [34]. In
addition, Kaiser et al. [31] documented increases in total fresh and dry weight in tomato
corresponding to increased green-light intensity. Similarly, Johkan et al. [46] highlighted the
ability of green light to promote biomass production in lettuce (Lactuca sativa). Specifically,
the introduction of green light has been shown to enhance the healing process of grafted
seedlings and stimulate root development, thereby increasing root dry weight and overall
seedling quality [44].

It is worth noting that the evidence of accelerated root growth under green light
contradicts our own observations. Specifically, during the first 3 days of exposure, the
green-net treatment showed a more pronounced increase in shoot growth compared with
root growth. Similarly, at the end of the 28-day treatment, when the plants were ready for
transplanting, all treatments showed an increased shoot-to-root ratio. This shift is likely
due to the apical cut made to promote the proliferation of guide shoots.

The increase in biomass can also be attributed to the phenomenon that green light
is absorbed by leaves deeper in the canopy, as opposed to red wavelengths [47]. In
addition, plants use specific mechanisms to adapt to different environments. For example,
under conditions of light deficiency, plants increase their photosynthetic pigments, thereby
boosting the efficiency of light absorption and optimizing carbon balance [48]. In addition,
different wavelengths of light affect sugar metabolism in plant cells, leading to variations
in biomass production [49].

Furthermore, Bian et al. [32] demonstrated that green light could enhance plant re-
silience to both biotic and abiotic stressors. This is achieved by inducing differential gene
expression, minimizing stomatal aperture, increasing water-use efficiency, and maintaining
elevated photosynthetic capacity under short-term drought stress. Similarly, red netting has
been used to counteract salt stress in pepper (Capsicum annuum L.) by increasing cytokinin
and abscisic acid concentrations and enhancing salicylic acid levels, resulting in shoot
growth recovery [50].

Yousef et al. [38] showed that a 7:3 mixture of red and blue light significantly increased
the expression of auxin-related genes in grafted tomato plants, accelerating cell division
and proliferation. However, red light alone hinders the differentiation of vascular tissues
and may induce callus formation on both sides, leading to graft failure or an ineffective
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arrangement [38]. As discussed above, total protein content serves as a reservoir for the
synthesis of growth-promoting enzymes and hormones. Therefore, it represents the active
state of the cell: the higher the total protein content, the higher the gene expression and
transcription to execute and process the light signal perceived by the cell [14].

In addition to the above described results, the Table 1 shows the effects of differ-
ent photo-selective filters on plants such as tomato, spinach, peppers, etc., along with
our results.

Table 1. The effects of different photo-selective filters on plants such as tomato and other plants.

Species Treatment Effect Reference

Solanum lycopersicum L.
cv. Komeett Green light Increases in stem length, and fresh and dry weight. Leaf size

is reduced [31]

Solanum lycopersicum L.
cv. Ailsa Craig Green light Under water stress conditions, lipid peroxidation (MDA)

decreased, and photosynthetic capacity was maintained. [32]

Solanum lycopersicum
cv. Ingar F1 Red and green light

Green light increased the efficiency of light use in young plants,
resulted in stem elongation, and decreased biomass compared
with red light, which also increased the photosynthetic rate.

[33]

Ocimum basilicum L. Green light Biomass, number of leaves, stem length, and leaf area increased. [34]

Ocimum sp. Green net Fresh and dry weight increased, and so did the number of
shoots/plant. [35]

Spinacia oleracea L. Red net Fresh weight, total phenolic content, and antioxidant capacity
increased. [45]

Capsicum annuum L. Red net Increased water-use efficiency, phytohormone expression, and
plant height. [50]

Solanum lycopersicum
Mill. var. “Sida” Red net Increases in biomass, shoot/root ratio growth, height, and leaf

area. [37]

Capsicum annuum L. Red and green net Both increased leaf area and commercial yield. [36]

Solanum lycopersicum L.
cv. Gangmu No. 1 Red and blue light Promoted rapid cell proliferation [38]

Cunninghamia
lanceolata

Green light
Tissue culture

Enhanced root growth in tissue culture. Increased the production
of antioxidant enzymes, and decreased lipid peroxidation. [42]

Solanum lycopersicum L.
cv. Beaded Curtain

and Rootstock No. 1
Green light Increased the production of antioxidant enzymes and improved

vascular regeneration. [43]

Withania somnifera L. Red light
Tissue culture

Increased callus formation in tissue culture, biomass
accumulation, and antioxidant activity. [19]

4. Materials and Methods
4.1. Growth Conditions

Tomato (Solanum lycopersicum L.) plants were produced at the Agronueve S.A. nursery
in Quillota, Valparaíso, Chile (−32.8981513, −71.2591605). The propagation process started
with the sowing of the variety “Alamina” and the rootstock “Suzuka”, both from Rijk
Zwaan, in a mixture of peat and perlite substrate in a 70:30 (%v/v) ratio in expanded
polystyrene trays of 135 cells, in a double-roofed polyethylene greenhouse. Thirty days
after planting, the plants reached a stem thickness of about 3 mm and were disinfected
two days before grafting with Previcur® (Bayer, Leverkusen, Germany) 1.5 cc/L (fungicide:
Propamocarb and Fosetyl) and Nacillus® (Microbial Discovery Group, Oak Creek, WI,
USA) 3 g/L (biological bactericide: Bacillus spp. and Brevibacillus brevis). Inside the grafting
chamber, the stems of the plants were cut at an angle of 60◦, 2 cm above the cotyledons for
the scion and below the cotyledons for the rootstock. Strepto Plus® (IndiaMART, Noida,
India) (bactericide: streptomycin sesquisulfate and oxytetracycline hydrochloride) was
applied at a concentration of 1 g/L, and both parts were secured with a silicone clip using a
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simple splicing technique. Throughout the grafting process, the plants were fertilized with
Ultrasol® (SQM Specialty Plant Nutrition, Santiago, Chile) multi-purpose fertilizer (18-18-
18) at rates of 0.2 to 0.7 g/L. Fungicides, bactericides, and insecticides such as Proplant®

(IndiaMART, Noida, India) (propamocarb-HCl), Agrygent® (Summit Agro, Durham, NC,
USA) (gentamicin sulfate + oxytetracycline hydrochloride), and Proclaim® (Syngenta, Basel,
Switzerland) (emamectin benzoate) were applied intermittently. A total of 270 plants per
treatment were used as destructive samples, placed in an incubator chamber, and exposed
to the treatments for a period of 28 days (Table 2). These treatments included the use of a
green photo-selective filter, a red photo-selective filter, and a control with no photo-selective
filter. After 49 days of growth, the apical tissue was excised to stimulate the growth of two
lateral guide shoots.

Table 2. Chronological stages of the production process for grafted plants and the duration of
exposure. h: hour, RH: relative humidity.

Stage or Process Duration of
Stage

Duration of
Exposure

Total Age of
Plant Environmental Conditions

Sowing and growth 30 days 0 days 30 days 92.8% RH and 16.2 ◦C

Grafting chamber 3 h 0 days 30 days 96.8% RH and 17.3 ◦C

Incubation chamber 4 days 0 days 34 days 98.8% RH and 24.5 ◦C

Curing chamber 1 3 days 3 days 37 days 96.8% RH, 17.1 ◦C heating with furnace, and the
opening/closing of curtains during the day/night

Curing chamber 2 4 days 7 days 41 days 92.4% RH, 16.4 ◦C, and the opening/closing of
curtains during the day/night

Acclimation 7 days 14 days 48 days 92.9% RH and 15.1 ◦C

Apical incision 2 h 15 days 49 days 92.9% RH and 15.1 ◦C

Shoot growth 1 7 days 21 days 55 days 92.7% RH and 14.9 ◦C

Shoot growth 2 7 days 28 days 62 days 92.6% RH and 14.9 ◦C

Ready plant 62 days

High-density polyethylene (HDPE) screens with 50% opacity were placed 2 m above
the plants, maintaining a distance to avoid overlap and interference. To characterize the
photo-selective filters, irradiance was measured in the laboratory using a spectrophotome-
ter with an incandescent lamp. This procedure provided light-intensity data at various
wavelengths. These raw values were then correlated with sunlight irradiance data specific
to the Quillota region to produce a prototype radiation spectrum generated by the filters
(Figure 11).
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4.2. Reactive Oxygen Species Activity Measurement

To evaluate ROS, 200 mg of tissue corresponding to the graft union site (approximately
1 cm above and 1 cm below the incision) was extracted, ground in a mortar, and homoge-
nized in 1 mL of 10 mM Tris-HCl, pH 7.2 (extraction buffer). Samples were centrifuged at
12,000× g for 20 min at 4 ◦C. The supernatant was then collected and diluted in extraction
buffer to measure its fluorescence with and without 1 mM DMCA probe. Fluorescence was
related to the level of proteins present in the tissue to obtain the ROS content [51].

4.3. Antioxidant Enzymes
4.3.1. Extract

To evaluate the effect of activity of antioxidant enzymes on the ROS generation,
samples were extracted by weighing 200 mg of tissue corresponding to the graft union
site (approximately 1 cm above and 1 cm below the incision), crushing it in a mortar with
a pestle, and homogenizing it in 1.2 mL of 0.2 M phosphate buffer (pH 7.8 with 0.1 mM
EDTA). Samples were centrifuged at 15,000× g for 20 min at 4 ◦C. The supernatant was
collected, and the pellet was resuspended in 0.8 mL of the same buffer and centrifuged at
15,000× g for 15 min. Finally, both supernatants were combined to determine the activity of
SOD and POD enzymes [51]. Protein concentration of SOD/POD enzyme-enriched extracts
was determined using the bicinchoninic acid (BCA) method.

4.3.2. Superoxide Dismutase

Total SOD activity was assayed using NBT, a yellow compound that is reduced to
blue monoformazan by the superoxide radical and is thus quantified as a function of
the competitive inhibition of NBT reduction by the superoxide radical. The 2 mL assay
reaction mixture contained 50 mM phosphate buffer (pH 7.8) with 2 mM EDTA, 9.9 mM
L-methionine, 55 µM NBT, 0.025% Triton-X100, 40 µL of sample extract, and finally 20 µL
of 1 mM riboflavin to initiate the reaction. The samples were illuminated with a 15 W
fluorescent light at 12 cm for 10 min while oscillating on an orbital shaker [51]. The blank
was kept in the dark. When the reaction was stopped, the absorbance at 560 nm was
measured and extrapolated from a standard curve obtained with pure SOD [52].

4.3.3. Peroxidase

The assay mixture (1 mL) contained 50 mM potassium phosphate buffer (pH 7.0),
0.5 mM guaiacol, 0.5 mM H2O2, and 10 µL of sample extract. H2O2 was added at the end to
initiate the reaction, and the absorbance was recorded for 3 min. The increase in absorbance
at 470 nm due to guaiacol oxidation was measured. The activity was estimated using the
extinction coefficient of 26.6 mM/cm [53].

4.4. MDA

To evaluate the effect of ROS on tissue damage, lipid peroxidation was measured using
the thiobarbituric acid (TBA) test, which determines malondialdehyde (MDA) as a product
of lipid peroxidation. The assay was performed as described by Velikova et al. [54]. In
brief, 500 mg of plant material was collected from the graft union site and homogenized in
5 mL of a 0.1% (w/v) solution of TCA. The homogenate was then centrifuged at 10,000× g
for 20 min, and 0.5 mL of the resulting supernatant was mixed with 1 mL of 0.5% (w/v)
TBA in 20% TCA in a separate tube. The mixture was then heated in boiling water for
30 min, after which the reaction was stopped by placing the reaction tubes in an ice bath.
The samples were subsequently centrifuged at 10,000× g for 5 min, and the absorbance
of the supernatant was measured at 532 nm using a spectrophotometer. The non-specific
absorbance at 600 nm was subtracted. The quantity of MDA-TBA complex was determined
based on the extinction coefficient of 155 mM/cm.
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4.5. Anatomical Development

Segments were excised from the graft union 3, 7, 14, and 21 days after transplantation
(DDI) for the analysis of tissue differentiation and the observation of vascular and support-
ive tissues. The protocol, adapted from Chamberlain [55], Johansen [56], D’Ambrogio de
Argüeso [57], and Singh and Mathur [58], involved the following steps: tissue fixation in
F.A.A. solution, dehydration using ascending alcohol concentrations, clearing with xylene,
and impregnation with Paraplast® (Leica Biosystems, Heidelberger, Germany) kerosene.
Histologic sections were prepared with thickness of 10 µm, taken 1 cm above and 1 cm
below the graft site, using a Thermo Scientific™ (Waltham, MA, USA) HM 325 rotary
microtome. The sections were then stained with safranin-fast green following the protocol
by D’Ambrogio de Argüeso [57]. The specimens were examined using an Olympus (Tokyo,
Japan) CX31 epifluorescence microscope at a total magnification of 400× Finally, images
were captured using a QImaging Mi-croPublisher 3.3 RTV camera (Teledyne QImaging,
Surrey, BC, Canada) and analyzed with QImaging QCapture Pro 5.1 software.

4.6. Fresh and Dry Weight

The plants were separated at the point of grafting, and both segments (shoots and
roots) were dried in an oven at a constant temperature of 75 ◦C for 24 h. The ratio of shoots
to roots was then calculated according to Temperini et al. [59] by dividing the dry weight
of the shoots by the dry weight of the roots (in grams).

4.7. Statistical Analysis

The experiment used a completely randomized design with a total of 270 plants per
treatment. The experimental unit (n) consisted of 6 grafted plants for each measurement.
Normality and log-normality of the data were assessed using the Shapiro–Wilk test. Two-
way analysis of variance (2-way ANOVA) was performed with a significance level of
p < 0.0001, followed by Tukey’s multiple comparison test with a 95% confidence interval. A
difference was considered statistically significant when p < 0.05. All statistical analyses were
performed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

5. Conclusions

The results of this study demonstrated that red and green photo-selective filters
increased ROS production by 5% and 4% after 3 days of exposure, by 58% and 14% after
7 days, and by 30% and 13% after 14 days in comparison to the control treatment. The
increase in ROS caused elevated production of SOD and POD enzymes during the process
of graft union formation. In terms of anatomy, the green netting resulted in enhanced cell
proliferation and early differentiation of vascular tissue cells. Notably, at the 28-day mark,
when the plants were ready for transplanting, the green-net treatment showed a reduction
in lipid peroxidation damage and increases of 20% and 54% in dry weight compared with
the control and red-net treatments, respectively. These results suggest that the use of a green
photo-selective filter can positively influence oxidative stress, anatomical development,
and overall growth of grafted tomato plants during the process of graft union formation.

Author Contributions: Conceptualization, C.C., M.C., P.P. and L.G.; methodology C.C, M.J.M., S.V.
and I.K.; software, C.C. and M.J.M.; validation, C.C., M.C., P.P. and L.G.; formal analysis, C.C., M.J.M.
and S.V.; investigation, C.C.; resources, C.C., M.C., P.P. and L.G.; data curation, C.C. and M.J.M.;
writing—original draft preparation, C.C.; writing—review and editing, C.C., M.C., P.P. and L.G.;
visualization, C.C.; supervision, M.C., P.P. and L.G.; funding acquisition, M.C., P.P. and L.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by DI-PUCV 039.411/2021, Laboratorio de Propagación and
Laboratorio de Semillas e Histología Vegetal.

Data Availability Statement: Data sets generated for this study are available upon request from the
corresponding author.



Plants 2023, 12, 3402 15 of 17

Acknowledgments: We extend our sincere appreciation to agronomist Marcelo Flores for his enthu-
siastic collaboration and support in establishing the experiment at the Agronueve nursery. We would
also like to express our gratitude to agronomist Alejandra Arenas for generously providing the seeds
for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO. FAOSTAT: Crop Production Data. 2019. Available online: http://www.fao.org/faostat/es/#data/QC/visualize (accessed

on 21 March 2023).
2. Kumar, P.; Rouphael, Y.; Cardarelli, M.; Colla, G. Vegetable grafting as a tool to improve drought resistance and water use

efficiency Front. Plant Sci. 2017, 8, 1130–1139. [CrossRef]
3. Singh, H.; Kumar, P.; Chaudhari, S.; Edelstein, M. Tomato grafting: A global perspective. HortScience 2017, 52, 1328–1336.

[CrossRef]
4. Leonardi, C.; Giuffrida, F. Variation of plant growth and macronutrient uptake in grafted tomatoes and eggplants on three

different rootstocks. Eur. J. Hortic. Sci. 2006, 71, 97–101.
5. Khah, E.M.; Kakava, E.; Mavromatis, A.; Chachalis, D.; Goulas, C. Effect of grafting on growth and yield of tomato (Lycopersicon

esculentum Mill.) in greenhouse and open-field. J. Appl. Hortic. 2006, 8, 3–7. [CrossRef]
6. Krumbein, A.; Schwarz, D. Grafting: A possibility to enhance health-promoting and flavor compounds in tomato fruits of shaded

plants. Sci. Hortic. 2013, 149, 97–107. [CrossRef]
7. Naik, S.A.; Hongal, S.; Harshavardhan, M.; Chandan, K.; Kumar, A.J.; Ashok; Kyriacou, M.C.; Rouphael, Y.; Kumar, P. Productive

characteristics and fruit quality traits of cherry tomato hybrids as modulated by grafting on different Solanum spp. rootstocks
under Ralstonia solanacearum infested greenhouse soil. Agronomy 2021, 11, 1311. [CrossRef]

8. Schwarz, D.; Rouphael, Y.; Colla, G.; Venema, J. Grafting as a tool to improve tolerance of vegetables to abiotic stresses: Thermal
stress, water stress and organic pollutants. Sci. Hortic. 2010, 127, 162–171. [CrossRef]

9. Aidoo, M.; Sherman, T.; Ephrath, J.E.; Fait, A.; Rachmilevitch, S.; Lazarovitch, N. Grafting as a method to increase the tolerance
response of bell pepper to extreme temperatures. Vadose Zone J. 2018, 17, 1–8. [CrossRef]

10. Hartmann, H.; Kester, D.; Davies, F.; Geneve, R. Plant Propagation. Principles and Practices, 8th ed.; Prentice-Hall: London, UK,
2018; pp. 433–475, ISBN 0-13-679235-679239.

11. Lee, J.; Oda, M. Grafting of herbaceous vegetable and ornamental crops. In Horticultural Reviews; Janick, J., Ed.; John Wiley &
Sons: Oxford, UK, 2010; Volume 28, pp. 61–124. [CrossRef]

12. Tambussi, E. Fotosíntesis, Fotoprotección, Productividad y Estrés Abiótico: Algunos Casos de Estudio. Doctoral Thesis,
Universidad de Barcelona, Barcelona, España, 2004.

13. Soares, N.; Wojtkowska, J.; Jackson, P. A proteomic analysis of the wound response in Medicago leaves reveals the early activation
of a ROS-sensitive signal pathway. J. Proteom. 2011, 74, 1411–1420. [CrossRef]

14. Muneer, S.; Ko, C.; Yang, Z.; Chen, Y.; Jeong, B. Physiological and proteomic investigations to study the response of tomato graft
unions under temperature stress. PLoS ONE 2016, 11, e0157439. [CrossRef]

15. Meloni, D.; Gulotta, M.; Oliva, M. El estrés salino incrementa la actividad de enzimas antioxidantes y la concentración de
polifenoles en Vinal (Prosopis ruscifolia). Quebracho-Rev. Cienc. For. 2008, 15, 27–31.

16. Fernandez, N. Graft Union Formation in Tomato Plants: Peroxidase and Catalase Involvement. Ann. Bot. 2004, 91, 53–60.
[CrossRef] [PubMed]

17. Boudet, A.; Kajita, S.; Grima-Pettenati, J.; Goffner, D. Lignins and lignocellulosics: A better control of synthesis for new and
improved uses. Plant Sci. 2003, 8, 576–581. [CrossRef] [PubMed]

18. Hasanuzzaman, M.; Raihan, M.R.H.; Masud, A.A.C.; Rahman, K.; Nowroz, F.; Rahman, M.; Nahar, K.; Fujita, M. Regulation of
Reactive Oxygen Species and Antioxidant Defense in Plants under Salinity. Int. J. Mol. Sci. 2021, 22, 9326. [CrossRef] [PubMed]

19. Adil, M.; Haider Abbasi, B.; ul Haq, I. Red light controlled callus morphogenetic patterns and secondary metabolites production
in Withania somnifera L. Biotech. Rep. 2019, 24, e00380. [CrossRef]

20. Johnson, S.; Miles, C. Effect of healing chamber design on the survival of grafted eggplant, tomatoand watermelon. HortTechnology
2011, 21, 752–758. [CrossRef]

21. Verma, M.; Bhat, P.; Bhartiya, S.; Venkatesh, K. A steady-state modeling approach to validate an in vivo mechanism of the GAL
regulatory network in Saccharomyces cerevisiae. Eur. J. Biochem. 2004, 271, 4064–4074. [CrossRef]

22. Frey, C.; Álvarez, R.; Encina, A.; Acebes, J. Tomato graft union failure is associated with alterations in tissue development and the
onset of cell wall defense responses. Agronomy 2021, 11, 1197. [CrossRef]

23. Frey, C.; Acebes, J.L.; Encina, A.; Álvarez, R. Histological changes associated with the graft union development in tomato. Plants
2020, 9, 1479. [CrossRef]

24. Martínez, M.; Alcaraz, C.; Muries, B.; Mota, C.; Carvajal, M. Physiological aspects of rootstock–scion interactions. Sci. Hortic.
2010, 127, 112–118. [CrossRef]

25. Vu, N.-T.; Xu, Z.-H.; Kim, Y.-S.; Kang, H.-M.; Kim, I.-S. Effect of nursery environmental condition and different cultivars on
survival rate of grafted tomato seedling. Acta Hortic. 2014, 1037, 765–770. [CrossRef]

http://www.fao.org/faostat/es/#data/QC/visualize
https://doi.org/10.3389/fpls.2017.01130
https://doi.org/10.21273/HORTSCI11996-17
https://doi.org/10.37855/jah.2006.v08i01.01
https://doi.org/10.1016/j.scienta.2012.09.003
https://doi.org/10.3390/agronomy11071311
https://doi.org/10.1016/j.scienta.2010.09.016
https://doi.org/10.2136/vzj2017.01.0006
https://doi.org/10.1002/9780470650851.ch2
https://doi.org/10.1016/j.jprot.2011.03.017
https://doi.org/10.1371/journal.pone.0157439
https://doi.org/10.1093/aob/mch014
https://www.ncbi.nlm.nih.gov/pubmed/14630693
https://doi.org/10.1016/j.tplants.2003.10.001
https://www.ncbi.nlm.nih.gov/pubmed/14659706
https://doi.org/10.3390/ijms22179326
https://www.ncbi.nlm.nih.gov/pubmed/34502233
https://doi.org/10.1016/j.btre.2019.e00380
https://doi.org/10.21273/HORTTECH.21.6.752
https://doi.org/10.1111/j.1432-1033.2004.04344.x
https://doi.org/10.3390/agronomy11061197
https://doi.org/10.3390/plants9111479
https://doi.org/10.1016/j.scienta.2010.08.002
https://doi.org/10.17660/actahortic.2014.1037.100


Plants 2023, 12, 3402 16 of 17

26. Zeist, A.; de Resende, J.; Zanin, D.; Silva, A.; Perrud, A.; Bueno, G.; Arantes, J.; de Lima, D. Effect of acclimation environments,
grafting methods and rootstock RVTC-66 on the seedling development and production of tomato. Sci. Hortic. 2020, 271, 109496.
[CrossRef]

27. Wei, H.; Muneer, S.; Manivannan, A.; Liu, Y.; Park, J.; Jeong, B. Slight vapor deficit accelerates graft union healing of tomato plug
seedling. Acta Physiol. Plant 2018, 40, 147. [CrossRef]

28. Nguy-Robertson, A.; Suyker, A.; Xiao, X. Modeling gross primary production of maize and soybean croplands using light quality,
temperature, water stress, and phenology. Agric. For. Meteorol. 2015, 213, 160–172. [CrossRef]

29. Casierra, F.; Matallana, Y.; Zapata, E. Growth of bell pepper plants (Capsicum annuum) affected by coloured covers. Ges. Pflanzen
2014, 6, 149–155. [CrossRef]

30. Devlin, P.; Christie, J.; Terry, M. Many hands make light work. J. Exp. Bot. 2007, 58, 3071–3077. [CrossRef]
31. Kaiser, E.; Weerheim, K.; Schipper, R.; Dieleman, J. Partial replacement of red and blue by green light increases biomass and yield

in tomato. Sci. Hortic. 2019, 249, 271–279. [CrossRef]
32. Bian, Z.; Zhang, X.; Wang, Y.; Lu, C. Improving drought tolerance by altering the photosynthetic rate and stomatal aperture

via green light in tomato (Solanum lycopersicum L.) seedlings under drought conditions. Environ. Exp. Bot. 2019, 167, 103844.
[CrossRef]

33. Dieleman, J.; de Visser, P.; Meinen, E.; Grit, J.; Dueck, T. Integrating morphological and physiological responses of tomato plants
to light quality to the crop level by 3D modeling. Plant Sci. 2019, 10, 839. [CrossRef]

34. Schenkels, L.; Saeys, W.; Lauwers, A.; De Proft, M. Green light induces shade avoidance to alter plant morphology and increases
biomass production in Ocimum basilicum L. Sci. Hortic. 2019, 261, 109002. [CrossRef]

35. Singla, A.; Sharma, R.; Chhabra, R. Effect of varying shade intensities of green net on growth and stomatal attributes of different
Ocimum species. Proc. Natl. Acad. Sci. USA 2021, 91, 865–878. [CrossRef]

36. Ayala, F.; Sánchez, R.; Partida, L.; Yáñez, M.; Ruiz, F.; Velázquez, T.; Valenzuela, M.; Parra, J. Bell pepper production under
colored shade nets. Rev. Fitotec. Mex. 2015, 38, 93–99.

37. Thwe, A.; Kasemsap, P.; Vercambre, G.; Phattaralerphong, J.; Gautier, H. Impact of red and blue nets on physiological and
morphological traits, fruit yield and quality of tomato (Solanum lycopersicum mill.). Sci. Hortic. 2020, 264, 09185. [CrossRef]

38. Yousef, A.; Ali, M.; Rizwan, H. Light quality and quantity affect graft union formation of tomato plants. Sci. Rep. 2021, 11, 9870.
[CrossRef]

39. Tan, Y.; Duan, Y.; Chi, Q.; Wang, R.; Yin, Y.; Cui, D.; Li, S. The role of reactive oxygen species in plant response to radiation. Int. J.
Mol. Sci. 2023, 24, 3346. [CrossRef]

40. Milkovic, L.; Cipak, A.; Cindric, M.; Mouthuy, P.; Zarkovic, N. Short Overview of ROS as Cell Func-tion Regulators and Their
Implications in Therapy Concepts. Cells 2019, 8, 793. [CrossRef]

41. Manivannan, A.; Soundararajan, P.; Park, Y.; Wei, H.; Kim, S.; Jeong, B. Blue and red light-emitting diodes improve the growth
and physiology of in vitro-grown carnations “Green Beauty” and “Purple Beauty”. Hortic. Environ. Biotechnol. 2017, 58, 12–20.
[CrossRef]

42. Xu, Y.; Liang, Y.; Yang, M. Effects of composite led light on root growth and antioxidant capacity of Cunninghamia lanceolata tissue
culture seedlings cunninghamia lanceolata. Sci. Rep. 2019, 9, 9766. [CrossRef] [PubMed]

43. Li, F.; Li, Y.; Li, S.; Wu, G.; Niu, X.; Shen, A. Green light promotes healing and root regeneration in double-root-cutting grafted
tomato seedlings. Sci. Hortic. 2021, 289, 110503. [CrossRef]

44. Fan, J.; Yang, R.; Li, X.; Zhao, W.; Zhao, F.; Wang, S. The processes of graft union formation in tomato. Hortic. Environ. Biotechnol.
2015, 56, 569–574. [CrossRef]

45. Lara, O. Efecto de los Filtros Fotoselectivos en el Rendimiento y Calidad Postcosecha de Espinaca (Spinacia oleracea L.) “Baby” cv
Viroflay Cultivada en Hidroponía. Master’s Thesis, Universidad de Chile, Santiago, Chile, 2019.

46. Johkan, M.; Shoji, K.; Goto, F.; Hahida, S.; Yoshihara, T. Effect of green light wavelength and intensity on photomorphogenesis
and photosynthesis in Lactuca sativa. Environ. Exp. Bot. 2012, 75, 128–133. [CrossRef]

47. Kim, H.H.; Goins, G.D.; Wheeler, R.M.; Sager, J.C. Green light supplementation for enhaced lettuce growth under red and blue
light emitting diodes. HortScience 2004, 39, 1617–1622. [CrossRef] [PubMed]
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