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Abstract: Solar radiation entering a high-wire tomato greenhouse is mostly intercepted by the top of
the crop canopy, while the role of lower leaves diminishes with age, turning them into sink organs
rather than sources. Accordingly, the defoliation of basal leaves is a widely applied agronomic
practice in high-wire greenhouse cultivation management. However, the recent increase in the
application of supplemental light emitting diode (LED) lighting for high-density tomato production
may affect the role of basal leaves, promoting their source role for fruit development and growth.
The present research aims to explore the application of supplementary LED lighting on Solanum
lycopersicum cv. Siranzo in the Mediterranean area during the cold season in combination with two
regimes of basal defoliation. The defoliation factors consisted of the early removal of the leaves (R)
right under the developing truss before the fruit turning stage and a non-removal (NR) during the
entire cultivation cycle. The lighting factors consisted of an artificial LED lighting treatment with
red and blue diodes for 16 h d−1 (h 8-00) with an intensity of 180 µmol s−1 m−2 (RB) and a control
cultivated under natural light only (CK). The results demonstrated a great effect of the supplemental
LED light, which increased the total yield (+118%), favoring fruit setting (+46%) and faster ripening
(+60%) regardless of defoliation regimes, although the increased energy prices hinder the economic
viability of the technology. Concerning fruit quality, defoliation significantly reduced the soluble
solid content, while it increased the acidity when combined with natural light.

Keywords: light emitting diode (LEDs); greenhouse; defoliation; Solanum lycopersicum

1. Introduction

Defoliation is an agronomic practice widely used for tomato production. It consists of
the removal of leaves below a cluster before the plant’s harvest, with timing and intensity
defined by the management choices of the producer. The objectives of defoliation include
increasing aeration between plants, limiting disease development, promoting vertical light
penetration within the canopy, and facilitating crop operations [1]. Basal leaf removal may
also affect yield, reducing the sink effect of the less-illuminated leaves in the lower part of
the canopy and promoting the accumulation of assimilates in developing fruits [2].

The link between defoliation and yield is determined by the translocation and par-
titioning of assimilates between plant organs. Translocation refers to the movement of
photo-assimilates from the producing organs, or sources, to the recipient organs, or sinks,
while partitioning refers to the proportion by which assimilates are allocated to the various
sinks [3,4]. The two processes are crucial in determining the accumulation of dry matter in
fruits, and therefore affect the final yield [5]. The differentiation of organs into source and
sink is not always clear, since one organ can take on both roles [6]. Moreover, each organ
possesses a certain sink strength, being more or less capable of attracting the products of
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photosynthesis due to both physical (e.g., number of cells) and molecular (e.g., enzymatic
activity) features [7,8].

Cultivation density, and consequently vertical light distribution, can affect leaves’
sink–source role. Research showed that in high planting density conditions (approximately
30 cm of spacing on the row), basal leaves seem to experience a strong competition for
light, contributing little to the plants’ net photosynthesis and becoming sink organs. On the
other hand, a larger spacing (approximately 50 cm of spacing on the row) can significantly
contribute to the production of assimilates, making defoliation before harvest not favorable
for fruit development [9]. Highly dense cultivation is the standard in high-tech greenhouses,
in which the use of supplemental LED interlighting was already proven to be capable of
increasing yield and other quality aspects of greenhouse tomato production, affecting plant
photosynthesis and the plants’ photoreceptor responses [10,11]. The present research aims
to evaluate if the application of two defoliation regimes, namely, removal at the fruit turning
stage and non-removal, combined with two lighting regimes, namely, supplemental LED
light treatment and a control grown with natural light, can significantly affect the role of
basal leaves and, consequently, the yield and quality of tomato production.

2. Materials and Methods
2.1. Plants Growing Conditions and Treatments

Truss-tomato plants (Solanum lycopersicum L. cv. Siranzo; Rijk Zwaan, The Netherlands)
were cultivated in a glass-glazed greenhouse in Bologna, Italy (44◦29′38′′ N, 11◦20′34′′ E). The
seedlings were produced in rockwool cubes (Grodan Vital, Roermond, The Netherlands)
by a local nursery from mid-August and were transplanted in perlite bags at a distance
of 20 cm on the row on 23 September 2021. The environmental conditions (temperature,
relative humidity, and solar radiation) were monitored daily during the entire growing
period. Both passive (lateral and top openings) and active (fan and heat pump) climate
control strategies were used to maintain constant conditions (Tmean 22 ◦C; RHmean 64%).
Fertigation was performed using an open drip irrigation system, providing a solution
with an average pH of 6.6 and an electrical conductivity (EC) of 2.8 dS m−1 (Table 1).
Supplemental lighting was provided by single-LED interlighting lamps (Flygrow Interlight,
Flytech LED Technology, Belluno, Italy) located at 30 cm of distance from the stem and at a
height of 1.40 cm from the rockwool cube throughout the entire growing period (Figure S1).
Two lighting regimes were applied: a control illuminated with natural light only (namely
CK), and an illuminated treatment supplied with red (660 nm) and blue (465 nm) LED
lights (RB ratio of 3) with a photosynthetic photon flux density (PPFD) of 180 µmol s−1 m−2

(measured at 30 cm from the plant) and a photoperiod of 16 h d−1 (namely, RB). Lighting
treatments were applied from the transplanting day (23 September 2021) until the end of
the experiment (16 February 2022). Since the beginning of November, the plants under
the two lighting regimes underwent two defoliation regimes, which consisted of an early
removal of the leaves right under the developing truss before the fruit turning point (R)
and a non-removal during the entire cultivation cycle (NR). A split-plot design with four
replicates was used, and each sub-plot contained five plants.

2.2. Plant Vegetative, Physiological, and Biochemical Measurements

Collar diameter was measured once at the end of October at height of 1 cm from the
rockwool cube. The internodes length was measured at the end of October as the distance
among the fourth and fifth fruit trusses. Plant topping occurred on 23 November, above
the sixth truss. The total leaf area was evaluated at the end of the experiment using a leaf
area meter (LI-3100C Area Meter, LI-COR Biosciences, Lincoln, NE, USA) on NR plants
cultivated with RB or CK treatment. Leaves and stems were weighted with a digital scale,
both fresh and after being dried at 60 ◦C for 4 days. Weight measurements were used to
evaluate the leaf dry matter content (LDMC), which is the ratio between the leaf dry mass
and the leaf fresh mass (mg g−1), and the specific leaf area (SLA), which is the ratio between
leaf area and leaf dry mass (m2 kg−1) [12].
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Table 1. Formulation of standard nutrient solution used for tomato cultivation.

Element Unit Nutrient Solution

N-NO3 mmol L−1 14.0
N-NH4 mmol L−1 1.00

P mmol L−1 1.00
K mmol L−1 8.00
Ca mmol L−1 4.00
Mg mmol L−1 1.50
Na mmol L−1 0.00

S-SO4 mmol L−1 2.50
Cl µmol L−1 0.00
Fe µmol L−1 15.0
B µmol L−1 20.0

Cu µmol L−1 1.00
Zn µmol L−1 5.00
Mn µmol L−1 10.0
Mo µmol L−1 1.00

Chlorophyll content of leaves was evaluated in mid-December, considering two points
of the first leaf right under the third and fourth fruit trusses. A SPAD-502PLUS (Konica Mi-
nolta, Tokyo, Japan) was used to non-disruptively estimate the chlorophyll content. Leaf gas
exchange and chlorophyll fluorescence were evaluated using a portable LI-COR 6400 (LI-COR
Biosciences, Lincoln, United States), which was set as reported by Calone et al. [13]. In partic-
ular, the following parameters were measured: stomatal conductance (GS, in mmol m−2 s−1),
under-leaf CO2 concentration (Ci), leaf transpiration (E, in mmol m−2 s−1), net photosynthesis
(A, in µmol m−2 s−1), and the effective quantum yield efficiency of PSII (ΦPSII). The ΦPSII,
which represents the capacity of photosystem II (PSII) to absorb photon energy, has been
calculated as (Fm’-Fs)/Fm’, where Fm’ represents the maximum fluorescence in a leaf adapted
to light and Fs represents the steady-state fluorescence. The ΦPSII has been further split in
two components: the PSII maximum efficiency (Fv’/Fm’) and the level of photochemical
quenching of PSII (qP). The first component (Fv’/Fm’) represents the maximum operational
efficiency in a leaf adapted to light. It is calculated as (Fm’—Fo’)/Fm’, where Fo’ is the
minimum fluorescence. The second component (qP) represents the real number of active
reaction centers of PSII, and is calculated as (Fm’-Fs)/(Fm’-Fo’).

2.3. Fruit Development and Yield

Fruit development was monitored on proximal and distal fruit of both the first cluster
(Follow-Up 1) and the third cluster (Follow-Up 2) by measuring the equatorial and polar di-
ameters with a digital Vernier caliper before harvesting. Fruit volume (mm3) was estimated
as the volume of an ellipsoid of rotation V = (4/3) πab2, where a is one half of the polar
diameter and b is one half of the equatorial diameter [14]. Fruit ripening was evaluated on
the same fruit two weeks before harvesting by using a DA-Meter (Sinteleia, Bologna, Italy),
which non-destructively evaluated the chlorophyll degradation and correlated it with a
ripening index.

From the end of November until the end of the trial, fruits were harvested (in total,
6 clusters per plant). The fresh weight of the total clusters of each plant in each treatment
was measured with a digital scale. The number of fruits per cluster was counted for each
plant. At harvesting, fruits were divided, counted, and weighted as mature (dark orange
or red tomatoes) or immature (green, light green, and light orange) [15]. Fruit productive
units (flowers and buds) were counted at the beginning of truss development and were
confronted with the number of fruits at harvesting to assess fruit setting.
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2.4. Fruit Quality
2.4.1. Non-Destructive Measurements

Tomatoes used for qualitative analysis (n = 12) were selected considering a DA-Meter
range index ranging 1.30 to 1.50. The fruit hardness was assessed using a Durofel device
(Giraud Technologies, Cavaillon, France) on four opposite sides of the equatorial diameter
of each fruit per treatment per block. The instrument non-destructively measured the
elasticity of the fruit exocarp, expressing it in a Durofel Index ranging from 0 to 100.

Color was evaluated using a CIE Lab color space analysis, where the L* component
represents the lightness from black (0) to white (100), the a* component is a value ranging
from green (−) to red (+), and the b* component is a value ranging from blue (−) to yellow
(+). A colorimeter (Chroma Meter CR-400, Minolta, Tokyo, Japan) was used to assess
the values. The measures were performed on four opposite sides at an equatorial level.
Two indexes, the HUE angle (h) and the Chroma (C), were deduced from the a* and b*
components by applying the formulas tan−1 (b*/a*)2 and (a*2 + b*2)0.5, respectively [16].

2.4.2. Destructive Measurements

Destructive measurements included the pulp firmness, soluble solids content, and
titratable acidity evaluation. Pulp firmness was determined using a fruit-texture analyzer
(FTA GÜSS, Strand, South Africa), evaluating the force required to penetrate the fruit. The
penetration was performed with a cylindrical and flat-end probe with a 6 mm diameter,
at a depth equal to 11 mm and a speed of 30 mm s−1. Measurements were performed on
four opposite sides of the equatorial diameter, peeling the fruit before penetration. The
soluble solids content was evaluated on each centrifuged fruit using a digital refractometer
model PAL-1 (Atago Co., Ltd., Tokyo, Japan). The titratable acidity was measured with
an automatic TitroMatic (Compact-S titrator, Crison, Modena, Italy) by diluting 20 mL of
tomato juice in 20 mL of distilled water. The titratable acidity was estimated by titrating
with 0.1 N NaOH until the titration endpoint at a pH of 8.1.

The fruit dry matter content (FDMC) was evaluated on 3 fruits per treatment per block,
other than those fruits used for destructive and non-destructive qualitative analysis, as the
ratio between the fruits’ fresh weight and dried weight at 65 ◦C per 1 week.

2.5. Biochemical Analysis
Lycopene and β-carotene content

Lycopene and β-carotene content were evaluated on 6 fruits per treatment using
the methodology described by Anthon and Barrett [17], applying slight modifications.
An extraction solution was prepared by mixing hexane, acetone, and ethanol in a v:v:v
proportion of 2:1:1, with the addition of 0.5 g L−1 of butylated hydroxytoluene. Then, 0.5 g
of homogenized, frozen sample, including the exocarp and mesocarp, were mixed with
10 mL of the extraction solution. The material was left in darkness for 30 min and then
centrifuged at 2000× g for 5 min. Finally, 1 mL of supernatant was read at 503 and 444 nm
with a spectrophotometer (Biochrom Ltd., Cambridge, England).

The lycopene content was calculated using the following formula (Anthon and Bar-
rett, 2006):

lycopene
(

mg kg−1
)
=

(
X
Y

)
× A503 × 3.12 (1)

where X is the volume of hexane phase (mL, sew below), Y the weight of the fruit tissue
(g), A503 is the absorbance at 503 nm, and 3.12 is the extinction coefficient. β-carotene was
calculated with the following equation [17]:

β− carotene
(

mg kg−1
)
= (9.38× A444 − 6.70× A503)× 0.55× 537× V

W
(2)

where A444 is the absorbance at 444 nm, A503 is the absorbance at 503 nm, 0.55 is the
ratio of the final hexane layer volume to the volume of mixed solvents added for hex-
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ane:acetone:ethanol (2:1:1), V is the volume of mixed solvents, W is the fresh weight of the
sample, and 537 (g mol−1) is the molecular weight of β-carotene.

2.6. Energy Cost Assessment

The energy cost assessment was performed considering the actual consumption of a
lamp with red (660 nm) and blue (465 nm) diodes at a ratio of 3 (1.68 kWh) applied for 16 h
per day. Costs were estimated per plant per day, considering that a single lamp was able to
provide supplementary lighting to approximately 6 plants. The cost per plant was then used
to calculate the cost per kg. The price of electricity was acquired from a EUROSTAT [18]
dataset, considering electricity prices for non-household consumers (excluding VAT and
other recoverable taxes and levies) in Italy, referring to both the second semester of 2021
(0.1853 € kWh−1) and the first semester of 2022 (0.2525 € kWh−1). For the final electricity
cost calculation, considering the growing cycle of 147 days, the price of the second semester
of 2021 was used for 100 days (from 23 September 2021 to 31 December 2021), and the price
of the first semester of 2022 was used for 47 days (from 1 January 2022 to 16 February 2022).

2.7. Statistical Analysis

Data analysis was performed with a two-way ANOVA by comparing the lighting
factor with the defoliation factor. Data were analyzed by using IBM SPSS Statistics 28.0.1.0.

3. Results

Results of the two-way ANOVA are reported in Table S1. The evaluation of the
vegetative parameters showed a significant increase in the collar diameter of plants grown
with a supplementary LED light (+34%) (RB 13.1 ± 2.2 mm, CK 9.8 ± 1.5 mm), regardless
of the type of defoliation (data not shown). On the contrary, internode length, total leaf
area, leaf fresh and dry weight, LDMC, plant total fresh and dry weight, and stem length
did not show any statistical difference among treatments (data not shown). However,
the measurement of SLA resulted in a significant increase (+41%) in the case of the CK
(181 ± 21 cm2 g−1) treatment compared to the RB treatment (128 ± 19 cm2 g−1).

The physiological response evaluation considered several parameters. Significant
differences were, however, only observed in the case of chlorophyll content (SPAD Index),
net photosynthesis (A), effective quantum yield efficiency of PSII (ΦPSII and photochemical
quenching of PSII (qP). Particularly, SPAD Index results were significantly higher in plants
under RB treatment, both in the leaves under the third (+23%) and fourth (+17%) trusses,
independent of the defoliation regime (Figure 1). Similarly, the net photosynthesis (A)
was higher in plants exposed to the RB treatment compared to the CK but was not altered
by the defoliation regime (Table 2). On the other hand, ΦPSII and qP showed significant
differences not only among light treatments but also among defoliations regimes, reporting
higher levels in the case of RB light treatment and leaf removal (R) (Table 2), although it did
not show an interaction among factors (Table S1). The PSII maximum efficiency (Fv/Fm),
stomatal conductance (GS), transpiration (E) and under-leaf CO2 concentration (Ci) were
not affected by the lighting and defoliation factors (data not shown).

Table 2. Effects of the two separated factors, light (supplemental red and blue LED light, RB, and
natural light, CK) and defoliation (early leaf removal, R, and no-removal, NR), on net photosynthesis
(A), effective quantum yield efficiency of PSII (ΦPSII) and photochemical quenching of PSII (qP).
Different letters indicate significant differences at ANOVA (significant level p ≤ 0.05).

A
(µmol m−2 s−1) ΦPSII qP

Light RB 6.7 ± 1.5 a 0.4 ± 0.1 a 0.5 ± 0.1 a

CK 5.1 ± 1.7 b 0.3 ± 0.1 b 0.4 ± 0.2 b

Defoliation R 6.4 ± 1.7 a 0.4 ± 0.1 a 0.5 ± 0.1 a

NR 5.4 ± 1.7 a 0.3 ± 0.1 b 0.4 ± 0.1 b
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Figure 1. Effects of supplemental red and blue LED light (RB) and natural light only (CK) on
leaves’ chlorophyll content (SPAD Index). Different letters indicate significant differences at ANOVA
(significant level p ≤ 0.05). Vertical bars represent standard errors.

In Follow-Up 1, the volume of the proximal fruit was significantly higher in the case
of plants subjected to defoliation (R) but was not affected by the lighting regime (Table 3).
On the contrary, the distal fruit of Follow-Up 1 were significantly bigger in the case of RB
treatment compared to CK but were not significantly influenced by defoliation (Table 3).
During the Follow-Up 2, the presence of supplemental RB light significantly affected fruit
dimension in both the proximal and distal fruit, while the defoliation regime did not cause
any significant effect (Table 3). A significant interaction between the lighting and defoliation
factors was observed for the ripening (measured by DA-Meter values) of proximal fruit
during Follow-Up 1 (Table S1). Indeed, the ripening of proximal fruit was increased by
early defoliation (R) in RB treated plants compared to the NR plants, while no significant
effects were observed in the CK plants (Figure 2a). Conversely, ripening was not affected
by either lighting or defoliation in the distal fruit during Follow-Up 1 (data not shown).
During Follow-Up 2, RB light significantly increased the DA-Meter values in both proximal
and distal fruit (Figure 2b,c). In general, two weeks before harvesting, the RB treatment
resulted in a higher rate (+60%) of ripened fruits when compared to CK.

Table 3. Effects of the two separated factors, light (supplemental red and blue LED light, RB, and
natural light, CK) and defoliation (early leaf removal, R, and no-removal, NR), on fruit volume (cm3)
in proximal and distal tomatoes of Follow-Up 1 and Follow-Up 2 Different letters indicate significant
differences at ANOVA (significant level p ≤ 0.05).

Fruit Volume
Follow-Up 1 (cm3)

Fruit Volume
Follow-Up 2 (cm3)

Proximal Distal Proximal Distal

Light RB 605.3 ± 236.3 a 652.5 ± 259.2 a 428.4 ± 207.6 a 262.2 ± 146.5 a

CK 650.7 ± 208.8 a 493.1 ± 217.8 b 200.4 ± 162.8 b 119.6 ± 93.0 b

Defoliation R 697.8 ± 228.4 a 543.8 ± 275.0 a 289.8 ± 178.6 a 228.7 ± 139.6 a

NR 562.0 ± 200.9 b 595.0 ± 249.5 a 391.6 ± 243.5 a 212.7 ± 152.8 a
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Figure 2. Effect of light (supplemental red and blue LED light, RB, and natural light only, CK) and
defoliation (leaves early removal, R, and no-removal, NR) on (a) proximal fruits of Follow-Up 1
(b) proximal fruits of Follow-Up 2, and (c) distal fruits of Follow-Up 2. Different letters indicate
significant differences at ANOVA (significant level p ≤ 0.05). Vertical bars represent standard errors.

The total fruit yield results were significantly increased in the case of supplemental RB
light application, with a doubled production (+118%) when compared to the CK (Table 4).
LED light application also significantly affected the yield of green and red tomatoes, as is
summarized in Table 4. Furthermore, differences were observed for the number of aborted
and productive units (flowers and buds), respectively, showing a decrease (−54%) in flower
abortions (RB 0.7± 1.0, CK 1.6± 1.5 of aborted units) and an increase (+46%) in fruit setting
(RB 6 ± 1.5, CK 4.1 ± 2.2 of set fruits) in the case of RB light application when compared to
the CK (data not shown). However, no significant differences were observed in the cases of
different defoliation regimes for yield, flower abortion, and fruit setting (Table S1).

The fruit dry matter content (FDMC), Chroma (C), fruit hardness, and pulp firmness
were not affected by both factors (data not shown). Among color determinations, the HUE
angle (h) and lightness (L*) presented significantly higher levels in the case of tomatoes
grown under natural light only (CK) (Figure 3a,b), while no significant differences were
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observed depending on defoliation regime. The soluble solids content showed statistically
significant higher levels in the case of tomatoes from plants not subjected to leaf removal
(NR) (+3%) (Figure 3c), while no differences were observed depending on the light treat-
ment. A significant interaction between lighting and defoliation factors was observed for
fruit acidity (Table S1). Indeed, fruit acidity was increased by early defoliation (R) in control
plants when compared to RB-treated ones, while no differences between lighting regimes
were observed in NR plants (Figure 3d).

Table 4. Effect of supplemental red and blue LED light (RB) and natural light only (CK) on tomato
yield. Different letters indicate significant differences at ANOVA (significant level p ≤ 0.05).

Total Yield
(g plant−1)

Red Fruit Yield
(g plant−1)

Green Fruit Yield
(g plant−1)

RB 3261.3 ± 515 a 1980.2 ± 479 a 624.0 ± 249 a

CK 1495.7 ± 305 b 127.8 ± 193 b 843.8 ± 260 a

Variation (%) +118 +1449 −26
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Figure 3. Effect of light (supplemental red and blue LED light, RB, and natural light only, CK)
and defoliation (leaves early removal, R, and no-removal, NR) on (a) HUE angle, (b) lightness,
(c) soluble solids and (d) acidity of tomato. Different letters indicate significant differences at ANOVA
(significant level p ≤ 0.05). Vertical bars represent standard errors.
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Finally, none of the applied factors resulted in changes in either lycopene or β-carotene
content (data not shown).

The energy consumption resulted in approximately 1.68 kWh per day per lamp.
Considering this consumption and the electricity costs (as reported in Section 2.6), the
total cost of supplemental LED lighting during the fall–winter period was approximately
8.51 € plant−1, leading to 2.65 € kg−1.

4. Discussion

Light is a fundamental factor for plant vegetative and architectural development. The
effect of specific wavelengths on plant morphology are determined by the stimulation
of photoreceptors, which can induce responses that ameliorate leaf exposition to solar
radiation and, consequently, photosynthesis [19,20]. This is particularly evident in case of
the so called Shade Avoidance Syndrome, in which a low Red/Far-Red ratio (R:FR) can
induce phytochromes, the photoreceptors sensitive to the red wavelengths, to promote
plant elongation and escape sub-optimal lighting conditions [21]. Blue light can also
influence plant morphology, affecting the leaf area expansion [22]. In the present research,
red and blue light limitedly influenced the vegetative parameters, reporting a significant
increase only in the cases of collar diameter and SLA (Table S1). A similar increase in the
tomato collar diameter in response to a supplemental RB light application was formerly
observed by Paucek et al. [15]. On the other hand, the significantly lower SLA value in RB
seems to confirm the common response of plants in the case of high light intensity, in which
leaf thickness, which is determined by increased palisade tissue, can serve as a protective
response against excessive irradiation [23].

Regarding physiological parameters, the higher chlorophyll content (Figure 1) and,
consequently, the higher net photosynthesis (Table 2) observed in leaves under supple-
mental RB light can be associated to the actions of phytochromes and cryptochromes,
which are stimulated by red and blue light components, respectively [24,25]. Regardless
of the lighting factors in this study, defoliation of leaves normally reduces water evapo-
transpiration [26]. However, the hereby presented results showed absence of significant
effects. Previous research observed that a reduction in the source–sink ratio may reduce
transpiration and increase the efficiency of PSII in tomato plants, especially under limited
nutritive conditions [27].

Defoliation affected fruit dimension only in the case of proximal fruits during Follow
Up 1, while no differences were observed for distal fruit or during Follow-Up 2 (Table 3).
On the contrary, supplemental LED light significantly influenced the development of both
proximal and distal fruits during Follow-Up 2 (Table 3). While in the case of fruits of Follow-
Up 1, supplemental LED light application began with proximal fruits already formed on
the inflorescence, the fruits of Follow-Up 2 began their development already under the light
treatment. As observed in the previous research [28,29], the major dimension of RB fruits may
be related to a major sink strength, which is, in turn, determined by a possible stimulation of
initial cell division using LED light rather than a stimulation during the enlargement phase.

As was already observed by other authors [15], fruit maturation precocity seemed
to be significantly increased by LED light, showing more evident effects, especially later
along in the autumn season (December—Follow-Up 2). Regarding fruit dimensions, leaf
removal seemed to have a significantly higher effect on ripening only during the earlier
stages of production (Follow-Up 1) and in the case of proximal fruits (Figure 3a). Although
these effects can be associated with lower assimilates’ competition with other sink organs,
including lower leaves, this observation was only related to the first period of production,
during which the outside lighting condition was not excessively limited.

The qualitative characteristics of tomatoes, such as their color, flavor, and firmness,
are of fundamental importance as they influence consumers’ perception [30]. In the present
research, supplemental LED light limitedly affected the qualitative traits. The carotenoid
content was often reported to increase in the case of LED treatments, especially in the
case of red light application, given a possible involvement of fruit phytochromes [31–33].
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However, the present study did not present any significant difference. On the other hand,
defoliation determined a significant decrease in the soluble solids content (Figure 3c), a
possible consequence of the imbalance between the sink/source equilibrium [34].

From an economic point of view, the additional electricity costs incurred when green-
house artificial lighting is applied should be counterbalanced by the observed yield increase
(+118%). However, if an overall increase in costs associated with energy consumption could be
estimated at 2.65 € kg−1, when deducting the achievable yield under solar radiation only from
the calculation, the actual costs per kg were even higher, namely 4.82 € kg−1. Considering that
the producers’ price of vine tomatoes in January 2022 accounted for 1.82 € kg−1 in Italy [35],
the application of supplemental LED lighting has not been proven to be economically viable.
However, a number of concurrent factors may have affected these performances. From a cost
perspective, energy costs increased from January 2021 (when the experiment was designed) by
15 and 37% after 6 and 12 months, respectively. Although an extended, artificial photoperiod
was used (16 h d−1) throughout the growing cycle, some authors suggested avoiding supple-
mentary lighting when solar radiation is sufficient [36] or limiting it to specific phenological
stages to reduce energy consumption. On the other hand, the estimated income is linked
to both agronomic yield and producer price. The short-term nature of the experiment may
have hindered the final yield. The research was performed by top-pruning plants at the sixth
truss instead of the minimal 15–20 trusses commonly obtained from the same cultivar in local,
commercial greenhouses [15]. In addition, the adopted cultivar, though adapted to high-wire
intensive cultivation, is associated with low prices in the Italian market (e.g., approximately half
the price of cherry tomatoes [35]).

5. Conclusions

Although defoliation is considered the best practice to guarantee easier management,
favor ventilation, and control pest development, this research revealed that this practice
can limitedly influence the tomato yield and quality in the case of supplemental LED light
application. The use of supplemental LED light demonstrated interesting potentialities
for tomato production during the cold season in Mediterranean countries, increasing the
total yield (+118%), favoring fruit setting (+46%), and hastening ripening (+60%). In
relation to the energy costs and measured yield, however, the use of supplemental lighting
was not proven to be economically feasible under the tested conditions. Accordingly,
future studies should match the energy saving strategies (e.g., reducing light integrals
by disruptive lighting protocols) with a further characterization of both genotypic and
phenotypic responses to lighting. Finally, the application of new greenhouse technologies
that transform the solar spectrum into electricity, namely, photoconversion covers that
integrate semi-transparent photovoltaic cells [37], may represent a solution to integrating
supplemental lighting for crop cultivation with reducing electricity costs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13030671/s1, Table S1: Results of two-way ANOVA.
Figure S1. Descriptive scheme of LED lamp location.
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