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Abstract: This study aimed to determine the effects of various light qualities (green (G), ultraviolet-A
(UV-A), and far-red (Fr)) on the growth and development of tomato plug seedlings. The ‘Mini Chal’
tomato (Solanum lycopersicum L.) seedlings were used as the plant material to which various light
qualities were supplied. Fluorescent lamp (FL), combined FL and diniconazole (Dini), and R3B7
(red (R):blue (B) = 30:70) were used as the control. The different light treatments for this experiment
were as follows: two G light ratios added to R3B7 (G20 and G40), three UV-A light intensities added
to R3B7 (UV 0.4, UV 0.6, and UV 0.8), and three Fr light ratios added to R3B7 (Fr1, Fr2, and Fr3).
Plants grown in UV 0.4 and Dini were the shortest, followed by plants grown in R3B7. R3B7 induced
higher specific leaf weight than G, UV-A, and Fr did. The position of the first flower cluster was the
highest for plants in FL and Fr1, and the lowest for plants in R3B7 and UV 0.6. In conclusion, different
light treatments heavily affected the growth and development of ‘Mini Chal’ tomato seedlings. R3B7
was the most effective light treatment for producing high quality seedlings in a closed-type plant
production system that develop well after transplanting.
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1. Introduction

Light is the most essential environmental factor for growth and development of plant that are
photoautotrophs [1]. The quality and intensity of artificial and natural lights all play a role in the
photosynthetic assimilation products in leaves. Many studies have reported that plant growth and
development are affected by the light quality, including photosynthetically active radiation (PAR)
(especially red (R) and blue (B) wavelengths) as well as ultraviolet (UV), and Far-red (Fr) [2–7].

Different lights induce differing responses in plants. The effects of R and B wavelengths of the
PAR have been studied in many crops; B light usually inhibits stem elongation and promotes leaf
expansion, while R light affects the shoot and stem growth, and have great potential for use as a light
quality to drive photosynthesis [8,9]. Recently, research has been being conducted for the effects of
green (G) light in many plants [10]. It is reported that G light drove CO2-fixation deeper in spinach
leaves compared to R and B lights [11]. Arabidopsis thaliana seedlings grown under a combination of
G, R, and B lights were taller than those grown under monochromatic R or B lights [12]. In addition,
as the proportion of G light increased in the combination of B, R, and G light, fresh weight and dry
weight of tomato plants and fruit increased [13]. It is reported that UV-B inhibited stem elongation
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and leaf expansion [14]. However, high-intensity UV-B irradiation could damage growing seedlings,
developing leaves, and also humans [15–20]. Therefore, UV-B may be of limited use in agriculture.
Despite its lower reactivity, UV-A may be an alternative, reaching the deeper tissues [21]. UV-A is also
safer to humans. Therefore, research of UV-A application in agriculture is necessary. R and Fr lights
are absorbed by the phytochrome. The Pr form of phytochromes absorbs R light, which turns it into an
inactive form that absorbs Fr light (Pfr), which is converted back to the Pr form upon absorbing Fr
light [22,23]. The low R:Fr ratio occurring within crowded plant communities induce shade avoidance
syndrome in plants. Wasabia japonica seedlings treated with R and Fr mixtures had lower shoot biomass,
dry matter content, and thicker leaves, compared to those treated with mixed R and B lights [5].

In recent years, LED use has increased in agriculture, especially in grafting and healing processes
in plug seedlings’ farms. However, the growth response of seedlings to LEDs is not yet well known.
Furthermore, most of the research on the light quality to date has focused on leafy vegetables, flowers,
and herbs [24–26], not on fruit and vegetable plug seedlings. Further research is necessary to relate the
growth and development of plug seedlings with the light quality.

Thus, we aimed to determine the effects of various light qualities in this study (G, UV-A, and Fr)
on the growth and development of tomato plug seedlings and produce the high quality seedlings that
have high compactness in a closed-type plant production system (CPPS).

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Seeds of ‘Mini Chal’ tomato (Solanum lycopersicum L.) were sown in 40-cell plug trays (54 × 28 ×
4.8 cm, Bumnong Co. Ltd., Jeongeup, Republic of Korea) filled with a commercial growing medium on
6 March 2018, and grown in a CPPS (C1200H3, FC Poibe Co. Ltd., Seoul, Republic of Korea) that was
set up at 25 ± 1 ◦C, 50 ± 10% relative humidity (RH), and 200 µmol·m−2·s−1 photosynthetic photon
flux density (PPFD) using fluorescent lamps (FL, FHF32SSEX-D, OSRAM GmbH, Munich, Germany)
for 8 days before being treated with different light qualities. On the 9th day after sowing, 3 replicates
of 20 seedlings per treatment were used for this experiment. The growth conditions were 25/18 ◦C
respective day and night temperatures, 50 ± 10% RH, and 200 µmol·m−2·s−1 PPFD on the basis of the
upper leaves of the plants with a 12/12-h light/dark photoperiod. The photosynthetic photon flux
density was measured and adjusted at the top of the plant once every three days using a photometer
(HD2101.2, Delta Ohm SrL, Caselle, Italy) measuring the range of 400–700 nm wavelength. UV-A and
far-red photon flux density (PFD) were measured using a spectroradiometer (ILT950, International
Light Technologies Inc., Peabody, MA, USA). The nutrient solution was supplied by sub-irrigation
every day at 08:30 a.m. [27], with 6.5 pH and 0.5–1.5 dS·m−1 electrical conductivity (EC) that gradually
increased in concentration (Table 1). Plug trays were rearranged daily after irrigation to provide a
uniform distribution of light wavelengths and intensities. Seedlings were grown for 21 days after
treatment (DAT) with various light qualities.

At 21 DAT, the seedlings were transplanted into slab-type rockwool media (Grodan Co. Ltd.,
Roermond, The Netherlands) in a glasshouse. Three seedlings were planted per slab. The mean
temperature and RH were approximately 21.2 ◦C and 53.3%, respectively. The nutrient solution was
automatically drip-irrigated [27] 2–3 times a day for 10 min, while pH and EC were respectively kept
at 6.5 and 1.5–2.0 dS·m−1.
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Table 1. The composition of the nutrient solution used in the experiment.

Chemical Concentration (mg·L−1) Chemical Concentration (mg·L−1)

Ca(NO3)2·4H2O 1274.4 Fe-EDTA 6.20
KNO3 525.2 H3BO3 1.84

KH2PO4 204.0 CuSO4·5H2O 0.16
MgSO4·7H2O 590.4 MnSO4·5H2O 2.19

NH4NO3 96.0 Na2MoO4·2H2O 0.10
K2SO4 348.0 ZnSO4·7H2O 1.41

2.2. Light Quality Treatments

To examine how G, UV-A, and Fr lights affected the growth and development of tomato plug
seedlings, FL, FL with foliar spray of diniconazole (Dini) (Binnali, Dongbang Agro Co. Ltd., Seoul,
Republic of Korea), and R3B7 (R:B = 30:70) were used as the control. R3B7 was selected as superior
light quality to improve the seedling quality from our previous study in which tomato plug seedlings
were grown under various mixing ratios of R and B LED. To compare the effects of chemicals used to
suppress plant height and to enhance the quality of seedlings at the farm readily, seedlings in Dini
had diniconazole supplied as a single 150 mg·L−1 foliar spray when two true leaves appeared on a
seedling. The different light treatments for this experiment were as follows: G light added to R3B7
(R:G:B = 20:20:60 (G20) and R:G:B = 20:40:40 (G40)), UV-A light added to R3B7 (R3B7 + UV-A 0.4 W·m−2

(UV 0.4), R3B7 + UV-A 0.6 W·m−2 (UV 0.6), and R3B7 + UV-A 0.8 W·m−2 (UV 0.8)), and Fr light added
to R3B7 (R:B:Fr = 20:60:20 (Fr1), R:B:Fr = 26:60:14 (Fr2), and R:B:Fr = 30:60:10 (Fr3)). These ratios of
the above light quality were expressed by the ratio of PFD of each light quality. The light spectral
distribution was measured using a spectroradiometer (ILT950, International Light Technologies Inc.,
Peabody, MA, USA) at five points (center and four edges) on top of the plant (Figure 1).
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Figure 1. The spectral distribution of lights used in the experiment: A, FL (Fluorescent lamp); B, R3B7 
(red:blue = 30:70); C, G20 (red:green:blue = 20:20:60); D, G40 (red:green:blue = 20:40:40); E, UV 0.4 
(red:blue = 30:70 + UV-A 0.4 W·m−2); F, UV 0.6 (red:blue = 30:70 + UV-A 0.6 W·m−2); G, UV 0.8 
(red:blue = 30:70 + UV-A 0.8 W·m−2); H, Fr1 (red:blue:far-red = 20:60:20); I, Fr2 (red:blue:far-red = 
26:60:14); and J, Fr3 (red:blue:far-red = 30:60:10). These ratios of the above light quality were 
expressed by the ratio of photon flux density of each light quality. 

  

Figure 1. The spectral distribution of lights used in the experiment: A, FL (Fluorescent lamp); B, R3B7
(red:blue = 30:70); C, G20 (red:green:blue = 20:20:60); D, G40 (red:green:blue = 20:40:40); E, UV 0.4
(red:blue = 30:70 + UV-A 0.4 W·m−2); F, UV 0.6 (red:blue = 30:70 + UV-A 0.6 W·m−2); G, UV 0.8
(red:blue = 30:70 + UV-A 0.8 W·m−2); H, Fr1 (red:blue:far-red = 20:60:20); I, Fr2 (red:blue:far-red =
26:60:14); and J, Fr3 (red:blue:far-red = 30:60:10). These ratios of the above light quality were expressed
by the ratio of photon flux density of each light quality.
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2.3. Measurements of Plant Growth Characteristics

Plant growth parameters, such as the plant height, stem diameter, number of leaves, leaf area,
leaf shape index, specific leaf weight (SLW), soil plant analysis development (SPAD) value, fresh
and dry weights of stem and leaf, dry matter content, compactness, and chlorophyll fluorescence
(Fv/Fm) were measured 21 DAT. The stem diameter was measured 1 cm above the medium surface
using digital vernier calipers (CD-20CPX, Mitutoya Corp., Kawasaki, Japan). The number of leaves
was measured by counting all plant leaves except for the cotyledons. The leaf area was measured
using a leaf area meter (LI-3000, LI-COR Inc., Lincoln, NE, USA). The SPAD value was measured on
the fifth leaf from the top using a chlorophyll meter (SPAD-502, Konica Minolta Inc., Osaka, Japan),
immediately prior to harvesting the samples. The fresh weight was measured with an electronic
scale (EW 220-3NM, Kern&Sohn GmbH., Balingen, Germany). The dry weight was measured after
drying the divided samples of the stem, leaf, and root for 72 h in a drying oven (Venticell-222,
MMM Medcenter Einrichtungen GmbH., Munich, Germany) at 70 ◦C. The Fv/Fm was measured
using a portable saturation-pulse chlorophyll fluorometer (PAM-2100, Heinz Walz GmbH, Effeltrich,
Germany).

After transplanting, the flowering speed, position of flower clusters, flower cluster height, and
fruit yields of first and second flower cluster were measured 73 days after transplanting. The flowering
speed was calculated as the percentage of the flowering of first flower in first or second flower cluster
in a total of 9 plants per treatment. The position of flower clusters were measured by examining the
number of nodes on which the flower clusters were placed, and the unit was node. Flower cluster
height measured the height from soil surface to flower cluster, and the unit is cm.

The Leaf shape index, SLW, dry matter content, and compactness of tomato seedlings were
calculated using the following formulae:

Leaf shape index = leaf length/leaf width (1)

SLW (mg·cm−2) = dry weight of leaf (mg)/total leaf area (cm2) (2)

Dry matter content (%) = (dry weight of shoot (g)/fresh weight of shoot (g) × 100 (3)

Compactness (mg·cm−1) = dry weight of shoot (mg)/plant height (cm) (4)

2.4. Statistical Analysis

A randomized complete block design with 3 replications and 5 plants in each replication was
employed in the experiment during the seedling period. After transplanting, a completely randomized
design with 3 replications and 3 plants in each replication was employed in a Venlo-type glasshouse.
The statistical analysis was carried out using the statistical analysis system program (SAS 9.1, SAS
Institute Inc., Cary, NC, USA). The experimental results were subjected to an analysis of variance
(ANOVA) and Duncan’s multiple range tests. Graphing was performed with the SigmaPlot program
(SigmaPlot 12.0, Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion

3.1. Growth Characteristics

The height and stem diameter of tomato plug seedlings measured 21 DAT are presented in
Figure 2. In fruit-vegetables, high quality seedlings are characterized by short height and thick stems.

Plant heights grown in UV 0.4 and Dini were the shortest, followed by plants grown in R3B7,
while Fr1 produced the tallest plants (Figures 2A and 3). With the exception of G40, adding G or
UV-A lights to R3B7 resulted in shorter plants than those in FL. Fr treatments induced stem elongation.
Increasing the R/Fr ratio resulted in shorter stems, but the stems were not as short as for plants
in the control (FL, Dini or R3B7). Increasing the G light ratio led to increases in the plant height.
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Seedlings treated with FL or G40 were similar in height, which is thought to be due to the similar PFD
between FL and G40. This result indicates that G light does not inhibit plant growth. It is reported that
Arabidopsis thaliana seedlings grown under a combination of G, R, and B lights were longer than those
grown under monochromatic R or B light [12]. In addition, the hypocotyl length of Arabidopsis thaliana
seedlings decreased as the ratio of B/G lights increased in a cryptochrome-dependent manner [28,29].
These observations are in agreement with our results that increasing the G light ratio leads to increases
in plant height. B and UV light are absorbed by cryptochrome and phototrophic photoreceptors,
and the stimulation of each wavelength is recognized, affecting plant growth through light signal
transduction pathways [30–32]. B light usually inhibits stem elongation [33–35]. Mixed R and B
lights were more inhibitive of seedling growth than monochromatic R and B LEDs were [8] or [14]
or [36,37]. Therefore, the shortest plant height in tomato plug seedling resulting in R3B7 and UV 0.4
except for Dini are thought to be due to the higher ratio of B light than in other treatments. The light
treatments in our study were formed by adding LEDs to 3:7 R:B light combinations. UV-A at a
high intensity of 0.6 and 0.8 W·m−2 resulted in taller plants than UV 0.4. It is reported that UV-A
induced height increases in some sorghum varieties, in contrast to other varieties [38]. UV-B had
the same effect on basil [39]. Additionally, there is substantial variation in the investigated response
of different crops to UV-B, which include soybean, wheat, rice, and maize [40–44]. Fr treatments
significantly elongated plants compared to other treatments. It is reported that a low R/Fr ratio
induced shade avoidance responses in plants [2]. When plants detect a low R/FR ratio, they exhibit
shade avoidance characteristics, such as increased stem elongation, reduced stem diameter, and
decreased root biomass [45,46]. Our results show decreases in the plant height as the R/Fr ratio
increased, which agrees with this report. In addition, it was observed that light treatments without Fr
inhibited plant height elongation.

The stem diameter was the greatest for plants in UV 0.6 and Fr treatments, and the smallest
for plants in Dini (Figure 2B). UV 0.4 and R3B7 could be suitable light treatments for production
of high quality seedlings as they produced short plants with thick stems. Seedlings grown under
light environments with added G light had relatively long and thin stems, which are considered bad
qualities for seedlings. There was less difference in stem diameters between plants in the UV-A group
and those in FL and R3B7. This result indicates that UV-A irradiation does not affect the stem diameter.
It is reported that UV-A led to stem biomass accumulation, although there was no mention of the stem
thickness [47]. Regardless of the R/Fr ratio, all light treatments with Fr produced plants with thick
stems. Combining R and Fr lights has been reported to affect the plant biomass differently compared
to combined R and B lights or only R light [48] or [5]. In ‘Mini Chal’ tomato, Fr treatments increased
the stem thickness. This result is considered to be due to the fact that the stem is thickened by the
rapid growth of the plant by Fr. In this result, stem diameter was much less affected by treatments
than plant height. This phenomenon means that various light qualities in plants have more influence
on elongation than growth in volume.

Leaves are responsible for photosynthesis, fixing CO2 and accumulating starch for plant
growth [49]. Leaf characteristics, such as the number of leaves, leaf area, leaf shape index, and
SLW of tomato plug seedlings measured 21 DAT are presented in Figure 4.

The number of leaves was the highest for plants in Fr1, and the lowest for plants in Dini, followed
by FL and R3B7 (Figure 4A). The number of leaves was positively correlated to the G light ratio.
The UV-A group produced plants with more leaves than the control group, and there were no significant
differences among plants in different UV-A treatments. These increases in the number of leaves are
similar to those of cucumber, tomato, and hot pepper plug seedlings treated with UV-B [50], as well
as basil [39]. It is reported that a low R/Fr inhibited bud outgrowth and reduced branching in many
species [51]. However, there are other studies that report that bud outgrowth timing has not been
affected by a low R/Fr ratio in many species [52–56]. Therefore, growth responses to Fr vary according
to the plant. In this study, it was observed that a lower R/Fr resulted in a higher number of leaves.
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The leaf area was the greatest for plants grown in Fr1 and the lowest for plants grown in Dini.
The number of leaves for plants in Fr2 and Fr3 were similar to that of plants in G and UV-A groups, but
the total leaf area was greater. The leaf growth response of dicotyledonous species to R/Fr significantly
varies, and it depends on the phytochrome genes PhyB and PhyD that absorb R and Fr lights [57–59].
The leaf area of plants in G, UV-A, and Fr treatments was greater than that for plants in FL and Dini.
The leaf area of plants in G and UV-A treatments was similar to that of plants in R3B7, indicating that
UV-A does not significantly affect the leaf area. The wide leaves observed in the UV-A treatments
are thought to be the result of combined R and B lights because R3B7 produced similarly wide leaves
in seedlings. It was found that UV-A increases the total leaf area in Glycine max and some Sorghum
bicolor varieties [38] or [47]. It is thought that this response to UV-A is mediated by cryptochromes that
absorb B/UV and play a role in shade avoidance [60]. However, in our results, the different intensities
of UV-A did not change the leaf area.

The shape, size, and thickness of leaves are plastically changed by the light environment [61–63].
The leaf shape index was the highest for plants in FL and the lowest for plans in Dini, G20, and Fr3
(Figures 4C and 5). A higher leaf shape index value indicates a longer leaf shape, and a lower value
indicates a squatter leaf. G40 produced seedlings with longer and narrower leaves than G20 did.
In green leaf lettuce, a high G light ratio (40%) added to a 5:5 R and B LED environment resulted in
high leaf shape index values, while a low G light ratio (20%) resulted in the lowest index value [64].
These results are similar with our result, and the relationship between changes in the leaf shape and G
light is not yet clear. There were no differences in the leaf shape between seedlings in UV-A and R3B7.
A high R/Fr ratio induced the formation of wide, short leaves.

The SLW was presented to indicate the leaf thickness. If the leaves are wide and thin, gas exchange
(CO2, O2, and H2O) is promoted, but it dries quickly. Therefore, the leaves should be wide and thick.
Therefore, leaf thickness is important for increasing the water availability in plants [49]. The SLW was
the greatest for seedlings in Dini, followed by those in R3B7, and the lowest for plants in G40 and
Fr2. The results demonstrated that the SLW is inversely proportional to the ratio of G light. It was
reported that G light added to mixed R and B lights induces plant architecture as if it were grown under
the shade. The SLW of Arabidopsis thaliana was lower for plants in shade than for those in light [65].
G light also actively promotes cell division, thereby increasing leaf expansion. As a result, G light
is more effective in widening leaves than thickening them [66]. The SLW decreased with increasing
UV intensity. It was reported that UV-A irradiation of Phyllanthus tenellus increased the thickness
of the palisade parenchyma and abaxial epidermis, but not of the spongy mesophyll and adaxial
epidermis [67]. Our results show the opposite result, where leaf thickness decreases at UV-A intensities
exceeding 0.6 W·m−2. Despite cucumber and hot pepper seedlings treated with UV-B treated 10 times
every 2 days for 90 min immediately after sunset seeing increased leaf thickness, tomato plants did not
see the same increases [50]. These results are thought to be characteristic of tomato crops. Compared
to R3B7, Fr treatments reduced the leaf thickness of seedlings. It is reported that R/Fr ratios of 0.7
and 1.3 decreased the leaf thickness of Phaseolus vulgaris [68]. High R/Fr ratios resulting in thinner
leaves have been widely reported [68] or [69–71]. Therefore, it is consistent that Fr decreased the leaf
thickness in ‘Mini Chal’ tomato.



Agronomy 2019, 9, 157 8 of 19Agronomy 2019, 9, x FOR PEER REVIEW 8 of 19 

 

 

Figure 4. The effects of the light quality on the number of leaves (A), leaf area (B), leaf shape index 
(C), and specific leaf weight (D) of ‘Mini Chal’ tomato (Solanum lycopersicum L.) measured 21 days 
after start of treatment. Refer to Figure 1 for details on the light quality. Vertical bars indicate the 
mean ± SD (n = 15). Different letters above bars indicate significant differences by Duncan’s multiple 
range test at p = 0.05. 

 
Figure 5. The leaf shapes of ‘Mini Chal’ tomato (Solanum lycopersicum L.) treated with different light 
qualities 21 days after start of treatment. Refer to Figure 1 for details on the light quality. 

The SPAD value often correlated with actual chlorophyll content. Therefore, it is usually used 
as an index to represent the chlorophyll content of leaves, and was the highest for plants in R3B7 and 
the lowest for plants in Fr1 and Fr2 (Figure 6). It is known that B light stimulates the biosynthesis of 
pigments, such as chlorophyll [72,73]. Studies report that mixed R and B lights enhanced the 
chlorophyll content [74,75]. As the ratio of G light increased, the SPAD value decreased. In two 
cultivars of lettuce, monochromatic G LEDs decreased the SPAD value [31]. Warm-white LEDs with 
a high percentage of G light reduced the SPAD value in young Phalaenopsis and Doritaenopsis plants 
[76]. This seems to be related with the leaf thinning induced by high G ratio light environments. The 
SPAD value of plants in UV-A was higher than that of plants in FL but lower than that of plants 

Figure 4. The effects of the light quality on the number of leaves (A), leaf area (B), leaf shape index (C),
and specific leaf weight (D) of ‘Mini Chal’ tomato (Solanum lycopersicum L.) measured 21 days after
start of treatment. Refer to Figure 1 for details on the light quality. Vertical bars indicate the mean ± SD
(n = 15). Different letters above bars indicate significant differences by Duncan’s multiple range test at
p = 0.05.
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The SPAD value often correlated with actual chlorophyll content. Therefore, it is usually used as
an index to represent the chlorophyll content of leaves, and was the highest for plants in R3B7 and
the lowest for plants in Fr1 and Fr2 (Figure 6). It is known that B light stimulates the biosynthesis
of pigments, such as chlorophyll [72,73]. Studies report that mixed R and B lights enhanced the
chlorophyll content [74,75]. As the ratio of G light increased, the SPAD value decreased. In two
cultivars of lettuce, monochromatic G LEDs decreased the SPAD value [31]. Warm-white LEDs with a
high percentage of G light reduced the SPAD value in young Phalaenopsis and Doritaenopsis plants [76].
This seems to be related with the leaf thinning induced by high G ratio light environments. The SPAD
value of plants in UV-A was higher than that of plants in FL but lower than that of plants under R3B7.
As the UV intensity increased, the SPAD value decreased. Chlorophyll destruction and biosynthesis
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inhibition were reported to be typical of UV-B damage [77]. UV-B irradiation to rice and gourd
decreased the chlorophyll content, which was similar to our results [77,78]. The low ratio of R/Fr
reduced the SPAD value. Fr1 and Fr2 had the lowest SPAD values. These results were considered to be
due to large and thin leaves as seedlings grow rapidly by a low R/Fr ratio (Figure 4B,D).
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Figure 6. The effects of the light quality on the SPAD value of ‘Mini Chal’ tomato (Solanum lycopersicum
L.) measured 21 days after start of treatment. Refer to Figure 1 for details on the light qualities. Vertical
bars indicate the mean ± SD (n = 15). Different letters above the bars indicate significant differences by
Duncan’s multiple range test at p = 0.05.

Fr1 produced seedlings with the greatest fresh and dry weights, while Dini led to the lowest fresh
and dry weights (Table 2). This is because seedlings in Fr1 had the longest plant height and the widest
leaves, while seedlings in Dini had the shortest plant height and narrowest leaves (Figures 2A and 4B).
The Fr induction of stem elongation and leaf expansion led to the higher fresh weights of seedlings
in Fr. Seedlings grown in R3B7 were similar in plant height to those in Dini, G20, and UV 0.4, but
were heavier in stem fresh weight. Seedlings in R3B7 also had similar leaf area and higher SLW than
seedlings in Fr2 and Fr3 (Figure 4B,D), but were heavier in fresh and dry weight of leaves. Seedlings
grown in G and UV-A had similar fresh weight of stems as seedlings grown in R3B7, but the fresh
weight of leaves differed because the leaf area and SLW were lower for seedlings in G and UV-A than
for seedlings in R3B7. The dry weight showed similar tendencies as the fresh weight in our study.
Studies using hot pepper, sowthistle, and ice plant have also shown these results [31] or [79,80].
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Table 2. The fresh and dry weights of leaves and stems of ‘Mini Chal’ tomato (Solanum lycopersicum L.)
affected by different light qualities measured 21 days after start of treatment.

Light Quality z Fresh Weight (g) Dry Weight (g)

Leaf Stem Total Leaf Stem Total

FL 1.39 d y 1.69 de 3.08 d 0.12 d 0.06 c 0.18 d
Dini 0.63 e 0.76 f 1.39 e 0.05 e 0.03 d 0.08 e
R3B7 2.20 ab 1.53 de 3.74 c 0.19 ab 0.07 c 0.27 bc

G20 1.76 c 1.47 e 3.23 cd 0.15 bcd 0.07 c 0.22 cd
G40 1.66 cd 1.79 d 3.45 cd 0.14 cd 0.07 c 0.21 cd

UV 0.4 1.99 bc 1.43 e 3.42 cd 0.17 bcd 0.06 c 0.23 bc
UV 0.6 1.97 bc 1.72 de 3.69 c 0.17 bc 0.07 c 0.23 c
UV 0.8 1.90 bc 1.66 de 3.55 cd 0.16 bcd 0.07 c 0.22 c

Fr1 2.37 a 3.92 a 6.29 a 0.23 a 0.20 a 0.43 a
Fr2 1.88 c 3.04 b 4.92 b 0.16 bcd 0.13 b 0.29 b
Fr3 2.02 b 2.59 c 4.61 b 0.18 bc 0.11 c 0.29 b

z Refer to Figure 1 for details on the light quality. y Mean separation within columns by Duncan’s multiple range
test at p = 0.05.

Previous research has defined high quality seedlings to have a high dry matter content and low
shoot/root ratio, high specific leaf area, and short hypocotyl length [81]. The compactness of a seedling
indicates the degree of seedling quality and is calculated by dividing the shoot dry weight by the
plant height. Therefore, if a plant is short and has a high dry weight, it has a high compactness.
Dry matter content was the greatest for seedlings in R3B7 and the lowest for seedlings in FL, G40, and
Fr2 (Figure 7A). Compactness was the greatest for plants in R3B7 and UV 0.4, and the lowest for plants
in Dini (Figure 7B). Both the dry matter content and compactness were superior for seedlings in R3B7.
As the ratio of G light increased, the dry matter content and compactness decreased. The dry matter
content and compactness of plants in G40 were similar to those of plants in FL. Therefore, these results
indicated that longer plant height and lower dry weight of shoot by higher G ratio compared to R3B7
resulted in low compactness (Figure 2A and Table 2). High intensity UV-A decreased the dry matter
content and compactness. These results suggest that the lower dry weight of total shoot by higher
UV-A intensity resulted in negative effects in dry matter content and compactness (Table 2). At a high
R/Fr ratio, dry matter content was similar to that of plants in FL or Dini but lower than that of plants
in R3B7. Although the fresh and dry weights of seedlings in Fr2 were higher than those of seedlings in
FL, the dry matter content was similar between seedlings in Fr2 and FL. These results indicate that
Fr affects the growth of plant biomass rather than dry matter content accumulation. As a result, dry
matter content and compactness showed great tendency in R3B7.

The chlorophyll fluorescence value (Fv/Fm) is an index of the stress on photosynthetic tissues of
plants [82]. The Fv/Fm value of 0.83 indicates that the plant is healthy [83]. Chlorophyll fluorescence
analysis is to analyze the physiological state of plants using a non-destructive method. It can analyze
the effects of various environmental stresses on the photosynthetic tissues of plants [82]. Higher
chlorophyll fluorescence value means more efficiency for the photosynthesis and transportation of
sugar into the plant [84]. When plants are exposure to extreme stresses, PS II activity is decreased and
the Fv/Fm value decreases by photoinhibition [85–87]. Chlorophyll fluorescence was the greatest for
plants in Fr1 and the lowest for plants in UV 0.8 (Figure 8). The Fv/Fm value increased with increasing
G light. These results show that the ratio of B light in R3B7 is the highest, and it is thought that plants
are the most stressed in R3B7 treatment due to the high energy of B [31,32] or [88]. This phenomenon
was similar in other crops such as ice plant, Phalaenopsis, and lettuce [32] or [89,90]. Plants in all UV-A
treatments had low Fv/Fm values. UV usually has a shorter wavelength and higher energy than
B light; therefore, seedlings obtained more light stress when irradiated with UV-A light of a higher
intensity [31,32] or [88]. As a result, it was confirmed that UV-A contributes to the stress of tomato
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plug seedlings. Low R/Fr ratio induced a higher Fv/Fm value in plants than R3B7. These results were
similar to those of chlorophyll fluorescence 11 days after treatment in lettuce treated with R/Fr ratios
of 0.7, 1.2, 4.1 and 8.6 [91].
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Agronomy 2019, 9, 157 12 of 19

Agronomy 2019, 9, x FOR PEER REVIEW 12 of 19 

 

 

Figure 8. The effects of the light quality on the chlorophyll fluorescence of ‘Mini Chal’ tomato 
(Solanum lycopersicum L.) measured 21 days after start of treatment. Refer to Figure 1 for details on 
the light quality. Vertical bars indicate the mean ± SD (n = 3). Different letters above bars indicate 
significant differences by Duncan’s multiple range test at p = 0.05. 

3.2. Development of Tomato Plants after Transplanting 

The flowering speed of tomato affected by different light qualities after transplanting is 
presented in Figure 9. The flowering speed of the first flower cluster was high in Fr1, Fr3, and UV 
0.4. In the second flower cluster, flowering speed was high in R3B7, UV0.4, Fr2, and Fr3. Flowering 
was the most delayed in Dini. One notable point was that Fr treatments accelerated flowering when 
plants in Fr treatments had less dry matter content and lower compactness compared to plants in 
R3B7. UV-B treatments delayed flowering initiation in Vigna radiata L. Wilczek cv. KM-2 because 
plants got stressed [92–94]. However, in our study, UV 0.4 induced faster flowering than the other 
treatments, which is thought to be due to the low intensity of UV-A in UV 0.4. 

The position of the flower cluster and flower cluster height of tomato seedlings are shown in 
Figure 10. In tomato cultivation, a low position of flower cluster improves labor efficiency in fruit 
harvesting. The position of the first flower cluster was the highest for plants in FL and Fr1, and the 
lowest for plants in R3B7 and UV 0.6 (Figure 10A). The position of the second flower cluster was the 
highest for seedlings in Fr1 and the lowest for seedlings in R3B7 and G20. The first and second 
flower cluster heights tended to be high for plants grown in Fr 2 and low for plants in R3B7, G, and 
UV-A (Figure 10B). It is thought that the height in the early seedling period affects the height at 
harvest. As a result, Fr1 and Fr2, which produced tallest seedlings with their low R/Fr ratio, 
produced plants with highest flower cluster heights. R3B7, G20, and UV 0.4, which produced shorter 
seedlings, maintained a lower flower cluster height. Therefore, it can be concluded that light 
treatments that limit seedling heights also lower the flower cluster height. 

The fruit yields of first and second flower cluster of tomato plants after transplanting are shown 
in Figure 11. The fruit yield of first flower cluster was the greatest in FL and Fr3 and the lowest in Fr 
1. There was no significant difference in the other treatments. The fruit yield of second flower cluster 
was the greatest in R3B7. The fruit yields when irradiated G or Fr lights to tomato plug seedlings 
showed a lower tendency in the second flower cluster than control or UV-A group. 
Comprehensively, the yields up to second flower cluster showed excellent tendency in FL and R3B7. 
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3.2. Development of Tomato Plants after Transplanting

The flowering speed of tomato affected by different light qualities after transplanting is presented
in Figure 9. The flowering speed of the first flower cluster was high in Fr1, Fr3, and UV 0.4. In the
second flower cluster, flowering speed was high in R3B7, UV0.4, Fr2, and Fr3. Flowering was the
most delayed in Dini. One notable point was that Fr treatments accelerated flowering when plants
in Fr treatments had less dry matter content and lower compactness compared to plants in R3B7.
UV-B treatments delayed flowering initiation in Vigna radiata L. Wilczek cv. KM-2 because plants got
stressed [92–94]. However, in our study, UV 0.4 induced faster flowering than the other treatments,
which is thought to be due to the low intensity of UV-A in UV 0.4.

The position of the flower cluster and flower cluster height of tomato seedlings are shown in
Figure 10. In tomato cultivation, a low position of flower cluster improves labor efficiency in fruit
harvesting. The position of the first flower cluster was the highest for plants in FL and Fr1, and the
lowest for plants in R3B7 and UV 0.6 (Figure 10A). The position of the second flower cluster was the
highest for seedlings in Fr1 and the lowest for seedlings in R3B7 and G20. The first and second flower
cluster heights tended to be high for plants grown in Fr 2 and low for plants in R3B7, G, and UV-A
(Figure 10B). It is thought that the height in the early seedling period affects the height at harvest. As a
result, Fr1 and Fr2, which produced tallest seedlings with their low R/Fr ratio, produced plants with
highest flower cluster heights. R3B7, G20, and UV 0.4, which produced shorter seedlings, maintained
a lower flower cluster height. Therefore, it can be concluded that light treatments that limit seedling
heights also lower the flower cluster height.

The fruit yields of first and second flower cluster of tomato plants after transplanting are shown
in Figure 11. The fruit yield of first flower cluster was the greatest in FL and Fr3 and the lowest in Fr 1.
There was no significant difference in the other treatments. The fruit yield of second flower cluster
was the greatest in R3B7. The fruit yields when irradiated G or Fr lights to tomato plug seedlings
showed a lower tendency in the second flower cluster than control or UV-A group. Comprehensively,
the yields up to second flower cluster showed excellent tendency in FL and R3B7. These results show
that the yields are different even though they were cultivated in the same environment after various
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LED treatment. Therefore, if FL or R3B7 is applied to the tomato plug seedlings, it will be possible to
increase the initial fruit yield after transplanting.
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Figure 9. The effects of the light quality on the flowering speed of the first flower cluster (solid line) and
second flower cluster (dotted line) of ‘Mini Chal’ tomato (Solanum lycopersicum L.) after transplanting.
Refer to Figure 1 for details on the light quality.
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Figure 10. The effects of the light quality on the position of flower cluster (A) and flower cluster height
(B) of the first and second fruit setting nodes of ‘Mini Chal’ tomato (Solanum lycopersicum L.) measured
73 days after transplanting. Refer to Figure 1 for details on the light quality. Vertical bars indicate the
mean ± SD (n = 9). Different letters above bars indicate significant differences by Duncan’s multiple
range test at p = 0.05.
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4. Conclusions

The growth and development of ‘Mini Chal’ tomato seedlings were influenced by different light
treatments. G, UV-A, and Fr light elongated the plant height of the seedlings and reduced the SLW,
resulting in a decrease in the SPAD value compared to R3B7. In addition, the dry matter content and
compactness of the seedlings were reduced compared to R3B7, which negatively affected the quality
of the seedling.

These findings suggest that R3B7 is the most effective light treatment among treated light qualities
in this study for producing high quality seedlings. It was also demonstrated that high quality
seedlings can be produced in CPPS using a combination of LEDs, which can be widely applied
in the agricultural industry.

In conclusion, the growth and development of ‘Mini Chal’ tomato seedlings were significantly
affected by different light qualities. When considering the quality and development of seedlings after
transplanting, it is more effective to apply R and B LEDs in a 30:70 ratio than the other treatment.
The results of our study can be utilized in plug seedling farms and CPPS.
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