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Abstract: Healing and acclimatization are critical in vegetable grafting under controlled environ-
ments. Here, we investigated the impacts of LED light qualities on the morphological traits and
photosynthetic performance of grafted tomato seedlings. Seeds of the tomatoes “DRW 7806 F1”
and “Maxifort” (Solanum lycopersicum x Solanum habrochaites) used as scion and rootstock were
planted in 104-cell plug trays into a mixture of cocopeat and perlite (volume ratio: 3 to 1). Survival
ratio, above- and underground growth, photosynthetic performance, soluble carbohydrate content,
pigmentation, and antioxidant enzymes activity were evaluated following 20 days of exposure to
different light qualities, including white (35% B, 49% intermediate spectra, 16% R) light as control,
blue, red, and a combination of red (68%) and blue with the same light intensity of 75 + 5 mol m—2
s~1. The lowest scion diameter, leaf area, root and shoot dry weight, SPAD value, and the highest
scion length and amount of soluble carbohydrate were detected in R-exposed seedlings. Moreover,
R-exposed seedlings showed leaf epinasty and reduced photosynthetic performance. On the other
hand, RB-exposed seedlings showed the highest leaf area, shoot and root dry weight, plant fresh and
dry weight, scion stem diameter and photosystem II efficiency. In addition, superoxide dismutase
activity was increased in R-exposed seedlings, while guaiacol peroxidase activity was enhanced in
seedlings grown in RB. In conclusion, a combination of R and B is suggested as the suitable light
spectrum to promote plant growth and photosynthetic performance in grafted tomato seedlings.

Keywords: chlorophyll fluorescence; controlled-environment agriculture; healing and acclimatization;
light spectrum; Solanum lycopersicum; vegetable grafting

1. Introduction

Grafted plants for horticultural purposes have been commercially used since the
1920s [1]. They have been extensively utilized in vegetables to improve yield and fruit
quality [2,3]. Specifically, grafting is widely practiced in Cucurbitaceae and Solanaceae [4].
Grafted seedlings and transplants are tolerant to undesirable environmental variations such
as biotic and abiotic stresses [5] and have higher plant vigor and yield than non-grafted ones.
The production of grafted vegetables consists of three main stages: (i) the production of
rootstocks and scions, (ii) grafting, and finally (iii) healing and acclimatization [6]. Healing
and acclimatization are crucial as the newly cut grafted seedlings lack vascular connections.
Therefore, the air’s relative humidity (RH) should usually be more than 90%. Otherwise,
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the scion will be desiccated, and the graft will fail. Temperature is another crucial factor
in this step, affecting transpiration, respiration, and even air RH. Although healing and
acclimatization are practiced in conventional tunnel systems and greenhouse conditions,
several reasons have motivated producers to use indoor multilayer vertical systems under
artificial light-emitting diodes (LED). Among all the benefits, the vertical growth pattern
realizes higher yields per unit area, higher control over sanitation, less dependency on
the outside environment, and more energy efficiency [7]. Improving the environmental
factors is vital for seedling production during the healing and acclimatization stages [8].
Therefore, to improve the growth and marketability of grafted transplants, it is crucial to
accurately control the temperature, light, and relative humidity during the healing and
acclimatization process [9].

Many researchers have reported the results of environmental improvement in the
healing of grafted transplant production under controlled conditions [10,11]. Light, as a
signal, regulates gene expression and photomorphogenesis in plants [12,13]. Moreover,
different light parameters such as intensity, quality and duration of radiation can change
plant morphological and physiological characteristics [14]. Artificial light technology’s
rapid development has led to its expansion in closed horticultural systems [15]. LEDs
are new light sources for plant research and production in controlled environments [16].
Among the advantages of using LED lights are their long life, small size, less energy
dissipation, and capability to dim the intensity [17]. The possible manipulation of light
quality is also ongoing with the development of LEDs [18,19]. Today, the industry benefits
from LED fixtures that can be easily programmed for a desired spectrum and intensity.
Moreover, the main advantage is that LEDs have the highest energy use efficiency compared
with all other plant lighting lamps. The lifetime of LEDs has been reported to be about
100,000 h, and this number is still rising [20].

LEDs are also considered optimum tools for plant science lighting research due to their
technical advantages over traditional lighting sources. This is because they can produce
the most compatible light wavelength with plant photoreceptors, so these light sources
can more effectively influence plants” physiology, morphology, and development [21].
Different light qualities impose specific reactions on the plants. For example, the maximum
absorption spectra by chlorophyll pigments in the photosynthetic apparatus is in the range
of red and blue light waveband ranges [22]. R and B light strongly affect the chemical
contents, structure, and photosynthetic performance of the plants [23]. R light changes
the plant’s anatomy and induces shoot and branch elongation, while stomatal opening,
chlorophyll synthesis, and chloroplast maturation occur mainly under B light [24]. These
findings illustrate the importance of RB light on the performance of PSII.

Moreover, photoreceptors and their signaling pathways influence the content and
function of secondary metabolites [25]. Plants have several photoreceptors, each absorbing
a specific spectrum of light. Phytochromes are generally more sensitive receptors of R
light, while phototropin and cryptochromes are B light photoreceptors [26]. Photosynthetic
performance is affected by all lighting environments and the light quality during cultiva-
tion [19]. Chlorophyll fluorescence is a practical approach to assess the photosynthetic
efficiency of plants, as it allows for evaluating the disposition of energy resulting from
chlorophyll excitation.

Furthermore, chlorophyll fluorescence information can provide insights into the func-
tional and structural aspects of the plant’s photosynthetic apparatus [27,28]. Finally, the
method of chlorophyll fluorescence induction is employed to determine the ultimate fate
of energy absorbed by chlorophyll molecules. A non-destructive method to evaluate the
efficiency of biophysical phases in the different steps of the electron transport system is the
fast chlorophyll fluorescence induction curve (OJIP) [29,30]. This protocol is obtained based
on the energy flow in the thylakoid membrane and can be used to evaluate the performance
of the photosynthetic apparatus in response to stresses [30,31].

Given the species- and cultivar-specific nature of plant responses to light, it is essential
to investigate the impact of lighting conditions on grafted seedlings with varying rootstock
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and scion combinations beyond those that have already been researched. For instance, B
light has been shown to induce stomatal opening and subsequently increase the transpira-
tion rates [32]. As a result, rootstocks with enhanced water-pumping capabilities are more
effective in such conditions [33]. In other words, the rootstock cultivar can influence how
the scion responds to the light source. Hence, conducting additional studies on grafted
seedlings exposed to various lighting environments is essential. In addition to the standard
morphological and biochemical parameters, it is beneficial to evaluate the functionality of
the photosynthetic apparatus concerning various lighting conditions using contemporary
techniques such as OJIP analysis and chlorophyll fluorescence imaging. This strategy
provides a better understanding of the underlying mechanisms contributing to the superior
performance of specific lighting conditions compared to others [19,30].

The present study was conducted to understand the impact of light quality on the
survival, morphology, carbohydrates, photosynthetic pigment content, and photosynthetic
performance of grafted tomato seedlings via OJIP analysis and chlorophyll fluorescence
imaging during healing and acclimatization. These parameters not only help in determining
the quality of the produced grafted seedlings, but they also help in understanding the
underlying physiological aspects of plant-light reactions specific to grafted seedlings. In
addition, studying light quality for specific combinations of scion and rootstocks could
lead to the growth of LED-equipped vertical systems that rely solely on artificial lighting
during healing and acclimatization.

2. Materials and Methods
2.1. Plant Materials and Environmental Conditions

Seeds of the tomatoes “DRW 7806 F1” and “Maxifort” (Solanum lycopersicum x Solanum
habrochaites) used as scion and rootstock, respectively, were planted in 104-cell plug trays
into a mixture of cocopeat and perlite (volume ratio: 3 to 1). The trays were placed in
a greenhouse in the agricultural research faculty of Tehran University, in Karaj campus,
Iran. The substrate’s moisture was kept near the maximum water-holding capacity, so
there was around 30% leachate after every fertigation. Environmental factors such as
day/night temperature, relative humidity and photoperiod were adjusted to 25/20 °C,
70% £ 5% and 12 h, respectively. After 20 days, when the diameter of the rootstock and
scion reached about 2-3 mm, the grafting process was performed manually by the splice
grafting method. The scion was placed on the rootstock hypocotyl by using a plastic
clip. The grafted plants were transferred to specific healing cabinets with three floors
equipped with LED lights. The transplants were kept in darkness (D) after grafting for
three days to prevent leaf dehydration. After that, the LED lights were turned on. All
plants were subjected to controlled environmental conditions, including a 16 h photoperiod,
a day/night temperature of 25/20 °C, and a photosynthetic photon flux density (PPFD)
of 75 £ 5 umol m~2 s, which was provided by LED modules (Iraneon Co in Birjand,
South Khorasan, Iran). The spectra of the light were monitored using a Sekonic light meter
(Sekonic C-7000, Tokyo, Japan). Besides white (W; 35% blue (400-500 nm), 49% green
(500-600 nm), and 16% red (600-700 nm)) light as control, other light qualities, including
red (R; 600-700 nm), blue (B; 400-500 nm), and a combination of red and blue (RB; 32% blue
(400-500 nm) and 68% red (600-700 nm)); as represented in Figure 1 were used. Relative
air humidity was moderately decreased, being 98-100% (days 0-3), 90-95% (days 4-5),
85-90% (days 6-7), 80% (days 8-9) and 70% (days 10-14). Twenty days after grafting, data
collection and measurements were carried out. Samples were selected from young leaves
that were expanded and grown under direct light.
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Figure 1. Light spectra of blue ((a); 400-500 nm), white ((b); 35% blue (400-500 nm), 48% intermediate
(500-600 nm), and 16% red (600-700 nm)) as control, red and blue ((c); 32% blue (400-500 nm), and
68% red (600-700 nm)), and red ((d); 600-700 nm) light quality regimes under study.

2.2. Morphological Parameters

The assessment of morphological parameters included scion length (measured from
the graft union to the apical meristem), scion diameter (measured at a point 1 cm above the
graft union), number of nodes, leaf area, and shoot and root dry and fresh weights. Dry
weight was determined by placing the samples in an air-drying oven for 72 h at 80 °C [34,35].
For the assessment of the leaf area, the leaves were scanned using an HP Scanjet G4010
scanner (Palo Alto, CA, USA) and then analyzed using the Digimizer software (version
4.1.1.0, MedCalc Software, Ostend, Belgium), as described in reference [19,35].

2.3. Determination of Soluble Carbohydrates

Liquid nitrogen was used to freeze leaf samples for the determination of soluble
carbohydrates. First, 0.2 g of plant tissue was weighed and combined with 7 mL of 70%
ethanol (w/v) on ice for 5 min and then centrifuged at four °C for 10 min (6700x g). In
the next step, 200 mL of supernatant was added to 1 mL of anthrone compound. Finally,
the absorbance value was determined according to van Doorn’s method [36] using a
spectrophotometer (PowerWave XS Microplate Reader, BioTek Instruments, Inc., Winooski,
VT, USA) at 625 nm.

2.4. Antioxidant Enzymes Activity

The activity of the antioxidant enzymes including superoxide dismutase (SOD) and
guaiacol peroxidase (GPX) was evaluated in fully expanded leaves of grafted tomatoes
20 days after grafting. These enzymes play a crucial role in protecting plants against
oxidative stress. The method described by Dhindsa et al. [37] was employed, which is
based on the ability of SOD to inhibit the photochemical reduction of nitro blue tetrazolium
(NBT). The reaction was initiated by exposing the samples to a fluorescent lamp (50 W,
60 cm) for 10 min, pausing the reaction by turning off the light and covering the tubes with
a black cloth. The absorbance of the reaction mixture was then determined at 560 nm.

To measure GPX activity in grafted tomatoes, the method described by Flocco and
Giulietti [38] was employed. Guaiacol oxidation in the presence of hydrogen peroxide
(H2O,) was used to determine the GPX activity. Initially, 100 mg of each root and shoot
sample was weighed and homogenized in 100 mM phosphate buffer (pH 6) using a mortar.
The homogenate was centrifuged for 5 min at 11,000 rpm and 5 °C. Next, 10 pL of the super-
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natant was added to 3 mL of the reaction mixture containing 3.6 mM hydrogen peroxide,
200 mM potassium phosphate buffer (pH 7.4), and 31 mM guaiacol and immediately stirred.
The increase in absorbance was then measured, and the kinetic assessment of absorbance
was determined over 2 min at 15 s intervals using a spectrophotometer at 470 nm. The
peroxidase activity unit (U) was defined as the amount of enzyme that oxidized 1 pmol of
hydrogen peroxide per minute.

2.5. Determination of Hydrogen Peroxide Content

The hydrogen peroxide (H,O,) content was measured by spectrophotometry after the
reaction of HyO, with potassium iodide (KI). The reaction mixture consisted of leaf extract
supernatant, 2 mL of reagent (1 M KI w/v in fresh double-distilled H,O), 0.5 mL of 0.1% TCA,
and 0.5 mL of 100 mM K-phosphate buffer. The blank was prepared with 0.1% TCA without
leaf extract. The reaction was carried out for 1 h under dark conditions, and the absorbance
was measured at 390 nm. The amount of H,O, was determined using a standard curve
generated with known concentrations of H,O,, according to Patterson et al. [39].

2.6. SPAD Determination

The non-destructive method of chlorophyll measurement via SPAD as a handheld
device that easily and quickly measures the photosynthetic pigments was employed using
a SPAD-502 (Konica Minolta Corp., Solna, Sweden). This device estimates leaf chlorophyll
content by transmitting the red and infrared light spectrum (i.e., 650 and 940 nm, respec-
tively) through the leaf. In each replicate, three points were measured for leaf chlorophyll
content [40].

2.7. Chlorophyll Fluorescence Imaging

The maximum quantum yield of PSII (Fy/F,) was measured using a chlorophyll
fluorescence imaging technique. Leaves from sample plants of each light treatment were
used for this purpose. Before the assessment, the leaves were dark-adapted for 20 min
by switching off LEDs. Images were then recorded during short measuring flashes in
darkness. At the end of these flashes, the samples were exposed to a saturating light
pulse (3900 umol m~2 s~1), which led to the transitory saturation of photochemistry and
reduction of Q™ of PSII. The measurements were taken using a FluorCam FC 1000-H
(Photon Systems Instruments, Drasov, Czech Republic) [19,41-43].

2.8. Analysis of the OJIP Test

The polyphasic Chl a fluorescence (OJIP) transients were measured using a handheld
Fluorpen FP 100-MAX (Photon Systems Instruments, Drasov, Czech Republic) to assess
the overall health and functionality of photosynthetic apparatus of tomato plants after a
relatively long 20-day healing and acclimatization period. The measurements were taken
on young, fully expanded leaves of tomato seedlings after 20 min of dark adaptation.

The fluorescence levels were measured at four different timescales, specifically at the
O-step (Fo), J-step (), I-step (F;), and P-step (Fm). The parameters relevant to the OJIP test
were computed based on the methods outlined by Strasser et al. [29]. The O, ], I, and P steps
refer to specific points on the fluorescence transient curve that reflect different stages of
energy transfer within photosystem II (PSII). For example, the Fy measurement is taken at
the O-step and reflects the initial fluorescence intensity, while Fy, is taken at the P-step and
represents the maximum fluorescence intensity. The F; and F; measurements correspond
to intermediate points on the curve and reflect the formation of the closed PSII reaction
center and the accumulation of Qa ™ on the acceptor side of PSII, respectively. Based on the
protocol, two successive series of fluorescence data were recorded: one during the short
measuring flashes in the darkness (Fj) and the other at the time of exposure to saturating
flash (Fm). The F, /Fy, was calculated using the following equation:

Fy/Fm = (Fm — Fg)/Fm @D
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Higher Fy and lower Fy /Fy, Fy /Fm, and Frn /Fy show exposure to higher stress sever-
ity [44,45]. The following calculation parameters were used: relative variable fluorescence
in step J (Vy), the maximum quantum yield of primary photochemistry (¢py), the quantum
yield of energy dissipation (¢pg) and performance index on the absorption basis (PIags).
Relative variable fluorescence in step J (Vj) was calculated using the following equation:

Vy = (F; — Fo)/(Fm — Fo) ()

Performance index on the absorption basis (PIsps), the maximum quantum yield of
primary photochemistry (¢@pp) and the quantum yield of energy dissipation (@pg) were
also calculated using the following equations:

PIaps = (RC/ABS) x (@po/1 — @po) X (Yo/1 — ¥o) 3)
¢@po =Fy/Fm =1 — (Fo/Fm) 4)
opo =1 — @po = (Fo/Fm) %)

The probability that a trapped exciton proceeds an electron through the electron
transport chain beyond Qa ™~ (Yo) was calculated using the following equation:

Yo=1-Vj 6)
These parameters were calculated according to previous studies [29,46].

2.9. Statistical Analysis

A completely randomized design ANOVA was used to analyze the treatment effects
of four different light treatments. Three chambers were used for each light treatment,
resulting in 12 chambers. Each chamber contained one 104-cell seedling trays. Mean and
standard error data were compared using Duncan’s multiple range test at a probability
level of p < 0.05. The data were analyzed using SAS software version 9.4 (SAS Institute,
Cary, NC, USA).

3. Results
3.1. Morphology of Grafted Seedlings Was Improved by RB Light Regime

The results showed that the morphology of grafted tomato transplants was influenced
by light quality. However, all seedlings survived under light treatments regardless of
spectral quality (Table 1). R light-grown plants had the maximum stem length. Exposing
the seedlings to different light spectra did not remarkably influence the node number,
while R-exposed seedlings had the thinnest scion stem diameter. Due to the small size
of the leaves in the plants grown under R light, these seedlings had the lowest leaf area.
The lowest root, shoot and plant dry weights were detected in R-grown seedlings, while
RB-exposed seedlings showed the maximum fresh and dry weight. The maximum scion
stem diameter was obtained in RB-exposed seedlings. However, there was no significant
difference in scion stem diameter among RB-, B- and W-exposed seedlings.
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Table 1. The morphological and growth parameters of grafted tomato seedlings exposed to different
light regimes for 20 days under a light intensity of 75 £ 5 umol m~2 s~1 PPFD. The light quality
treatments included white light (W) as control, blue (B), red (R), and a combination of red (68%)
and blue (RB) lights. The spectral composition of the RB light treatment can be found in Figure 1.
Values with the same letters are not significantly different at p < 0.05, according to Duncan’s multiple
range tests.

Survival Scion Scion Leaf Root Shoot Plant Root Shoot Plant

Light Ratio Leneth Node Stem Di- Area Fresh Fresh Fresh Dry Dry Dry
Regime o 8 Number ameter 2 Weight Weight Weight Weight Weight Weight

(%) (cm) (ecm?)
(mm) (g) (g (g) (g) (g (g

B 100 14.66 © 5.23 5.422b 235.12P 1.39 3.94 5.33b 0.057 ab 0.233P 0.290 b
W 100 19.54 b 5.20 5.402b 217.94° 1.35 422 557 ab 0.043 be 0.237b 0.280P
RB 100 19.70 b 522 5974 294,572 1.36 4.90 6.262 0.0632 0.2932 0.3572

R 100 24.162 5.21 490" 182.15¢ 0.97 3.95 492P 0.029 © 0.174¢ 0.203 ©

- <0.0001 0.6765 0.0499 0.0002 0.1129 0.0710 0.0241 0.0055 0.0069 0.0049

3.2. Leaf-Soluble Carbohydrates

Seedlings grown under R light showed a maximum soluble carbohydrate level,
whereas their minimum contents were recorded in RB-exposed seedlings. Seedlings grown
under B and W lights had an intermediate state. Additionally, seedlings exposed to B light
showed no significant difference with either W or RB lights (Figure 2).

. 120
a
% 1 be b
—ag 00 c
g &
22
§ e 80
2 g
2= 60
S
%)
40
B w RB R
Light spectrum

Figure 2. Soluble leaf carbohydrate levels in the leaves of grafted tomato seedlings exposed to
different light qualities (including white (W; 35% B, 49% intermediate spectra, 16% R) light as control,
blue (B), red (R), and a combination of red (68%) and blue (RB) (see the correspondence spectrum
in Figure 1)), with 75 £ 5 umol m~2 s~1 PPFD for 20 days. Columns with the same letters are not
significantly different at p < 0.05, according to Duncan’s multiple range tests. Bars represent the
mean value of three replications £+ SEM.

3.3. Chlorophyll Fluorescence Imaging

The impacts of light on photosynthetic functionality in the healing and acclimatization
stages were evaluated by assessment of the spatial pattern of fluorescence emission through
pseudo-color images of Fy (minimum fluorescence), Fy, (maximum fluorescence), and
Fy /Fn (maximal quantum yield of PSIT photochemistry) (Figure 3). The highest Fy, Fr,
and lowest F, /Fr, were recorded in R-exposed seedlings, whereas RB-exposed seedlings
exhibited the highest F, /Fp,.
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—400

Figure 3. Representative images of fluorescence parameters including Fy, Fi, and Fy /Fr, exhibited
by leaves sampled from grafted tomato seedlings exposed to different light qualities (including white
(W; 35% B, 49% intermediate spectra, 16% R) light as control, blue (B), red (R), and a combination of
red (68%) and blue (RB), (see the correspondence spectrum in Figure 1)), with 75 + 5 pmol m~2 s~

PPFD for 20 days.

3.4. Evaluation of Parameters Obtained from the OJIP Protocol

Seedlings grown under R light had the highest Fy, Fj, F;, and F, compared with
other light treatments. Among the light treatments, the maximum F,/Fy and F,/F
were obtained under RB-exposed seedlings, while the minimum of these parameters was
detected in W, B and R treatments. Overall, different light treatments significantly affected
the maximum quantum yield of PSII (F, /Fp,). Based on the results, the maximum F, /Fy,
was obtained from RB-light treatment (Figure 4).

The lowest quantum yield of energy dissipation (@pg) was recorded in RB-grown
seedlings, whereas the highest ¢pg value was obtained from R and W light treatments.
However, there was no remarkable difference in the @pg value of seedlings grown under
W, B and R treatments (Figure 5a). The performance index on the absorption basis (PIags)
is the validity index of PSII. This parameter was enhanced significantly in RB treatment.
However, no differences were recorded in W-, B- and R-exposed seedlings (Figure 5b).
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Figure 4. The intensity of chlorophyll fluorescence in the OJIP-test including minimum fluorescence
when all PSIT reaction centers are open (Fy; (a)), maximum fluorescence when all PSIT reaction
centers are closed (Fn; (b)), variable fluorescence of the dark-adapted leaf (Fy; (c)), the maximal
quantum yield of PSIT photochemistry (Fy /Fm; (d)), Fy/Fg (e) and Fr, /Fy (f) from the fluorescence
transient exhibited by leaves sampled from grafted tomato seedlings exposed to different light
qualities (including white (W; 35% B, 49% intermediate spectra, 16% R) light as control, blue (B), red
(R), and a combination of red (68%) and blue (RB), (see the correspondence spectrum in Figure 1)),
with 75 + 5 umol m~2 s~! PPFD for 20 days. Columns with the same letters are not significantly
different at p < 0.05, according to Duncan’s multiple range tests. Bars represent the mean value of
three replications + SEM.

0.22 a (a) 3 a (b)
a
2.5
0.21 . b b
2
g 02 g b
° = 15
0.19
1
0.18 0.5
0.17 0
B w RB R B w RB R

Light spectrum Light spectrum

Figure 5. The quantum yield of energy dissipation (¢pg; (a)), and performance index in light
absorption basis (PIzps; (b)) from the fluorescence transient exhibited by leaves sampled from grafted
tomato seedlings exposed to different light qualities (including white (W; 35% B, 49% intermediate
spectra, 16% R) light as control, blue (B), red (R), and a combination of red (68%) and blue (RB), (see
the correspondence spectrum in Figure 1)), with 75 & 5 pmol m~—2 s~1 PPED for 20 days. Columns
with the same letters are not significantly different at p < 0.05, according to Duncan’s multiple range
tests. Bars represent the mean value of three replications + SEM.
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3.5. Chlorophyll Index

The SPAD value was the highest in RB-exposed seedlings, while its lowest value was
detected under R-exposed seedlings. An intermediate SPAD value was also recognized in

W- and B-exposed seedlings (Figure 6).

50
a

40

b b
30
20
10
B 4 RB

Light spectrum

SPAD value

Figure 6. SPAD values in grafted tomato seedlings exposed to different light qualities (including white
(W; 35% B, 49% intermediate spectra, 16% R) light as control, blue (B), red (R), and a combination of
red (68%) and blue (RB), (see the correspondence spectrum in Figure 1)), with 75 & 5 pmol m 2571
PPFD for 20 days. Columns with the same letters are not significantly different at p < 0.05, according
to Duncan’s multiple range tests. Bars represent the mean value of three replications + SEM.

3.6. Antioxidant Enzymes Activity

Different light treatments significantly influenced the activity of SOD and GPX. R
light increased SOD activity in the seedlings. The lowest activity of SOD was detected
in the RB treatment (Figure 7a), while the maximum GPX activity was detected in RB-
exposed seedlings. Additionally, the lowest GPX activity was recorded in B- and R-exposed
seedlings (Figure 7b).

100 (a) 120 a (b)
Z 80 2 z 10 c 0
- b b I 80 .
260 ¢ o
5 2 60
= 40
= £ a0
2 ©}
% 20 20
0 0
B W RB R B w RB R
Light spectrum Light spectrum

Figure 7. Superoxide dismutase (SOD; (a)) and guaiacol peroxidase (GPX; (b)) activity in grafted
tomato seedlings exposed to different light qualities (including white (W; 35% B, 49% intermediate
spectra, 16% R) light as control, blue (B), red (R), and a combination of red (68%) and blue (RB), (see
the correspondence spectrum in Figure 1)), with 75 & 5 umol m~2 s~! PPFD for 20 days. Columns
with the same letters are not significantly different at p < 0.05, according to Duncan’s multiple range
tests. Bars represent the mean value of three replications + SEM.

3.7. Determination of Hydrogen Peroxide
According to our results, H,O, accumulation was the highest in seedlings exposed to
R light, while exposure to W and RB lights reduced H,O, levels in the leaves (Figure 8).
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Figure 8. Hydrogen peroxide (H,O;) level in grafted tomato seedlings exposed to different light
qualities (including white (W; 35% B, 49% intermediate spectra, 16% R) light as control, blue (B), red
(R), and a combination of red (68%) and blue (RB), (see the correspondence spectrum in Figure 1)),
with 75 + 5 umol m~2 s~! PPFD for 20 days. Columns with the same letters are not significantly
different at p < 0.05, according to Duncan’s multiple range tests. Bars represent the mean value of
three replications + SEM.

4. Discussion
4.1. Plant Fresh and Dry Weight and Stem Diameter Reduced in R Light

Seedlings’ photomorphogenesis is a strategic behavior to facilitate adaptation to
environmental conditions. This process is directly affected by light, regulated by special
receptors such as phytochromes for R light and cryptochromes and phototropin for B light.
The signals released by the receptors induce physiological and biochemical variations in
different growth processes [47]. In the present study, different lighting conditions resulted
in a clear morphological response in different parts of the plants (Table 1). For example,
R-exposed seedlings were characterized with the longest scion compared with the other
light treatments, while the node number remained unaffected. These results are supported
by previous studies showing that R light usually promotes internode elongation compared
with monochromatic B light [8,22,48,49]. Many researchers have reported decreased stem
length under B light exposure. B-light photoreceptors, i.e., cryptochromes, prevent stem
elongation. Phytochromes, which are more sensitive acceptors to R light, stimulate cell
division and development. Induction of the appearance of the short stem by B light and
the long stem by R light has been previously reported in different plant species such as
Arabidopsis [47,50], Norway spruce [51], Chrysanthemum [52] and soybean [53].

As a primary light source, the R light influences stem elongation via the role of phyto-
hormones such as Gibberellins (GAs) or through blocking negative-GA signaling compo-
nents in the tissue, which leads to the elongation of stem internodes. Furthermore, B light
causes compactness by upregulating the negative-GA signaling components [51,54-57]. It
has been shown that cryptochromes (i.e., sensitive photoreceptors to B) play critical roles in
regulating hypocotyl cell elongation. Gibberellin synthesis decreases under B light, and
thus the stem length decreases [56,57].

Our findings are also supported by previous studies in Arabidopsis thaliana and
tomato [56,57]. In this case, Ouzounis et al. [58] reported that hypocotyl length and
plant height were reduced by more prolonged exposure to B light. Liu et al. [59] showed
that cherry tomato seedlings grown under R light treatment had more extraordinary stem
lengths than those exposed to B light alone and B and R combinations. Chen et al. [60]
reported that the plant height of rice seedlings grown under R light was 50% taller than
B-exposed samples.

Stem diameter in R-exposed seedlings was lower than those under other light spectra.
The higher stem diameter was in RB-exposed seedlings. However, no significant difference
was detected among seedlings exposed to W, B and RB lights (Table 1). The higher stem
diameter in seedlings grown under B light is probably because of the phytohormones
status [61]. The influences of light regimes on grafted seedling quality have been previously
documented [19]. As an essential indicator for seedling quality, the leaf area in RB-exposed
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seedlings was the widest compared with other treatments. The difference in RB- and
R-exposed plants’ leaf area was linked to the leaf area rather than leaf number [8,53].
Moosavi-Nezhad et al. [19] reported that W- and RB-exposed watermelon seedlings had
more expansive leaf areas than seedlings exposed to R light. Yousef et al. [48] also reported
that the red and blue light combination (R7:B3) significantly increased leaf area. This study
recorded the lowest root, shoot and plant dry weight in R-light-exposed seedlings, while
RB-exposed seedlings represented the maximum shoot and plant dry weight (Table 1).
Fang et al. [53] showed that soybean seedlings had higher root and total dry weight under
mixed R and B lights than those exposed to R light alone. In addition, a greenhouse study
showed that the shoot dry weight in tomato seedlings grown under RB light (R92%) was
more than those cultivated under monochromatic R light [62]. It is notable that RB light
treatment enhanced the tomato seedling biomass, compared with monochromic R and B
light (Table 1). This could be because the peak absorption of chlorophyll occurs in the R and
B wavelength range, and thus plants grown under RB light have the highest photosynthetic
efficiency [24,63].

Many studies have shown that light and its quality are vital for seedling survival
during the healing and acclimatization stages (~0-10 days) [48,57,64]. Light during the
healing stage is necessary for grafted seedlings to stimulate callus induction and vascular
junction formation [10,64]. The absence of light causes callus formation disturbances and
leaves abscission of the grafted seedlings’ survival [65]. Due to the lack of carbon absorption
in dark conditions, plants use carbohydrates in the shoot to survive [66]. In the absence
of light for an extended period, plants must consume the reserves of starch, lipids and
amino acids to maintain their metabolism [67-69]. After 12 days of dark treatment, the
surviving seedlings showed inferior shoot development and a considerably weaker root
system than those exposed to light [19]. Light application enhanced the survival ratio in
this study without differences among the spectra (Table 1). Based on the obtained results, R
light caused an unfavorable increase in the internode elongation and a decrease in stem
diameter, leaf area and biomass in grafted tomato seedlings, reducing their quality. In
contrast, RB light improved seedlings’” growth, quality and marketability.

4.2. Red Light-Induced Carbohydrate Accumulation

Among light treatments, R-exposed seedlings showed the maximum soluble carbohy-
drate concentration, while their lowest concentration was detected in RB-exposed seedlings
(Figure 2). It has been reported that R-exposed watermelon seedlings had the highest
soluble carbohydrate concentration [19]. Carbohydrate content affects auxin biosynthe-
sis and transport, possibly representing the leaf epinasty under R light [70]. Damage to
the photosynthetic apparatus reduces carbohydrate accumulation. However, it seems
that enhanced carbohydrate levels in R-grown seedlings are probably due to the reduced
translocation of carbohydrates outside the leaves [71]. This change is generally related to
the down-regulation of photosynthesis [72] and consequently blocks sucrose synthesis and
sugar phosphates’ cytosol accumulation [73].

4.3. Red Light-Induced SOD Enzymes Activity and HyO, Accumulation

It is well-known that antioxidant enzymes play critical roles in scavenging the oxida-
tive stress resulting from reactive oxygen species (ROS) accumulation in plants [74-76].
Antioxidant enzymes (e.g., SOD, APX, GPX and CAT) are known as essential factors in
protecting plants from the damages caused by oxidative stress. SOD acts as the first line
of defense that converts free radical oxygen into H,O;; then, the generated H,O; is con-
verted into HyO by CAT, GPX and APX. Accordingly, CAT, GPX and APX have the same
activity [77]. The results of the present study indicated that seedlings exposed to R light in-
creased SOD activity (Figure 7a). The maximum activity of GPX was observed in seedlings
exposed to RB, whereas the lowest GPX activity was recorded in seedlings exposed to B
and R lights (Figure 7b). H,O, accumulation was the highest in R light treatment, while
exposure to W and RB light treatments led to decreased H,O, accumulation (Figure 8).
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Bayat et al. [78] reported a parallel correlation between SOD activity and H,O, production,
while CAT and APX negatively regulate H,O, production. Therefore, it can be stated
that the accumulation of H,O, due to the stress could be related to the higher activity of
SOD and lower activity of CAT and APX. In this experiment, higher activity of SOD and
accumulation of HyO, and lower activity of GPX were detected in R-exposed seedlings. In
comparison, lower activity of SOD and accumulation of HyO, and higher activity of GPX
were observed in RB-exposed plants. On the other hand, the highest and the lowest soluble
carbohydrates concentration were detected in R- and RB-exposed seedlings, respectively.
Our results showed a positive correlation between soluble carbohydrate content and SOD
activity. Therefore, reducing H,O, accumulation and the activity of the GPX enzyme in RB
light protected the photosynthesis apparatus and improved plant growth and development.

4.4. Photosynthetic Functionality of Tomato Grafted Seedlings Enhanced by RB Light

The OJIP analysis facilitates understanding the relationship between the structure
and performance of photosynthetic apparatus and supports quick assessments of plant
vitality [46]. The maximum quantum yield of PSII (F, /Fp,) is considered an appropriate
indicator for the evaluation of the effects of environmental conditions on photosynthesis
functionality [79]. As a result, R, B and W lights increased the quantum yield of energy
dissipation (¢pp) in PSII compared to RB light (Figure 5a). A higher value of this parameter
represents the higher conversion of energy to heat. Plants also use this strategy to protect
cells against damage caused by light severity [80].

In the present study, the values of the biophysical parameters associated with the PSII
efficiency, such as Fy /Fy, Fn /Fg and Fy /Fp,, were the highest under RB light. In contrast,
the lowest value of these parameters was detected in seedlings exposed to monochromic R
light. However, no significant change was detected under W, B and R treatments. Chen
et al. [81] reported that lower F, /Fp, levels caused by R light are due to the decreased
photochemical activity resulting from the PSII reaction centers inactivation and damage to
the D; protein.

The negative impacts of monochromic R light on the functioning of the electron trans-
port chain of the photosynthetic apparatus have been reported for other plant species such
as cucumber [82,83], tomato [62,84], watermelon [19], saffron [85] and chrysanthemum [22].
These adverse effects are evaluated mainly by evaluating the performance index according
to the light energy absorption (PIsgs). This parameter unifies the energy fluxes from the
first stage of the light absorption to the plastoquinone reduction, giving sufficient and
quantitative data on plants’ state and vitality [29]. In many studies, this parameter is the
most accurate parameter for photosynthetic performance assessment in plants [30,78,86].
A lower level of PI5gg possibly means a low potential for developing the trans-thylakoid
proton gradient [46]. Additionally, the reduction in Plsps can be caused by the suppression
of electron transfer resulting from decreased PSII functionality [87]. The present study
recorded the lowest quantum yield of energy dissipation (¢pg) and highest performance
index on the absorption basis (PIsps) in RB-grown seedlings. Therefore, RB light treatment
caused an increase in PSII photochemical performance in grafted tomato seedlings.

Moreover, the reduction in PSII photochemical performance in R-exposed seedlings
could be due to the lower maximum quantum yield of PSII (F, /Fn) [88,89]. The negative
impacts of R light (known as red light syndrome) have been widely reported [82,90-92].
On the other hand, RB light can improve photosynthesis functioning and performance
by reducing energy dissipation and elevating electron transport in the electron transport
chain [57,63]. These findings illustrated the importance of RB light on the performance of
PSII of the tomato grafted seedlings. Standard photosynthetic functionality needs a specific
B-to-R golden ratio in the overall spectra.

Our results illustrated that the SPAD value was affected by light regimes, so RB-
exposed seedlings had the highest value, while it was the lowest in R-exposed seedlings.
Zheng and Van Labeke [93] reported that the total chlorophyll content is higher under a
light intensity of 100 umol m~2 571, and the total chlorophyll is higher under B and RB
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treatments. Additionally, it has been reported that R monochromatic light has reduced the
chlorophyll content in the scion leaf [19]. In contrast, the influence of monochromatic R
light on chlorophyll status is linked to enhanced carbohydrate accumulation. Generally,
chlorophyll depletion and chloroplast deformation increase carbohydrate accumulation [94].
Hence, the marketability of seedlings grown under monochromatic R light is expected
to be lower due to reduced greening. In contrast, grafted seedlings under RB light have
higher quality.

5. Conclusions

The current study concentrated on light quality’s effects on the growth, primary
metabolites and photosynthetic performance of tomato-grafted seedlings. Seedlings grown
under R light showed the minimum leaf area, root, shoot fresh and dry weights and
occurrence of leaf epinasty. This syndrome reduces the interception of light and thus
reduces the quality of seedlings. In addition, a decrease in photosynthetic functionality
was detected under the R light treatment. Seedlings grown under R light contained the
maximum Fy, F;, and Fy,, whereas the maximum Fy, /F; and Fy, /Fj were obtained under RB-
exposed seedlings. Different light treatments significantly affected the maximum quantum
yield of PSIIL. Therefore, the maximum F, /Fy, was obtained from RB light treatment. PIsgs
and @pg showed a negative correlation. The lowest quantum yield of energy dissipation
(¢po) and highest performance index on the absorption basis (PIsps) was recorded in
RB-grown seedlings.

In contrast, the highest ¢pg value was obtained from R and W light treatments. A
positive correlation was observed between soluble carbohydrates and H,O, concentration.
R-grown seedlings had the highest soluble carbohydrates and H,O, concentration, whereas
the maximum GPX activity was noted in RB-exposed seedlings. The reduction of H,O,
accumulation and the activity of the GPX enzyme in RB light protected the photosynthesis
apparatus and improved plant growth and development. SOD activity increased, while
GPX activity decreased in R-exposed seedlings. The highest leaf area and plant, root, and
shoot dry weights were recorded in RB-exposed seedlings. The results showed that leaf area
is highly correlated with shoot dry weight. RB-exposed seedlings had the highest leaf area
and shoot dry weight, while the lowest values of these two traits were found in R-exposed
seedlings. RB light promoted tomato-grafted seedlings’ photosynthetic performance by
affecting electron flow between PSII and PSI. B- and RB-exposed seedlings were similar
in some of the evaluated morphological traits (such as in scion stem diameter, root fresh
and dry weights). Therefore, RB light is recommended as the lighting environment for
producing tomato-grafted seedlings during the healing and acclimatization stage.
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Abbreviations

B blue

R red

RB red and blue
Y white

D darkness

OJIP  polyphasic chlorophyll fluorescence induction curve
FW Fresh weight

PPFD  photosynthetic photon flux density

PSII photosystem II

SOD  superoxide dismutase

GPX  guaiacol peroxidase

H;O, hydrogen peroxide

RC reaction center
NBT nitro blue tetrazolium
KI potassium iodide

TCA Trichloroacetic acid
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