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Abstract

Strawberry plants in recycled hydroponics exhibit growth and yield reduction due to autotoxicity. Strawberry
plants were grown under light-emitting diodes (LED) and sprayed with amino acids to investigate their
influence on the growth and yield under autotoxicity. In the first study, plants were grown under three LED
light conditions [Red : Blue (R : B) = 8:2, 5:5, and 2:8 adjusted to similar light intensity of 106-117, 107-125,
and 105-121 umol m 2 s, respectively] and under white light provided by fluorescent lamps [104-129 pmol
m %s '] and also treated with two amino acids [hydroxyproline (Hyp) and glutamic acid (Glu)] and water
(control). This study was conducted under relatively high temperature (30/25_°C; day/night) in order to

enhance the occurrence of autotoxicity. Further, aleng-withthe nutrient solution was recycled for the duration

of the crop cycle to allow the accumulation of autotoxic compounds.-rutrient-condition: Greater growth and

fruit yield, higher ascorbic acid content in fruits and also higher calcium and iron content in leaves, crowns
and roots of strawberry plants were observed due to R : B= 8:2 LED lighting and Glu spray. In the second
study, the selected LED (R : B = 8:2) from the first study was used with three different intensities (i.e., 149,
269, and 567 umol m?s™) and either with or without Glu spray under controlled environment condition
(25/20°C; day/night). Results showed that plants exposed to 567 pmol m? s of R : B= 8:2 LED showed
greater performances on growth and minerals content in leaves, crown and roots of strawberry plant supplied
either with or without Glu whereas higher number of fruits per plant and fruit yield were observed with Glu
spray. Therefore, we propose that combining Glu spray with exposure to R : B = 8:2 LED light of 567 pmol
1

m 2 s may improve the growth, yield and quality of strawberry cultivated in a hydroponic system with a

recycled nutrient solution.
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1. Introduction

Autotoxicity, a form of interspecific allelopathy occurs when a plant releases chemical substances that

inhibit or delay its own germination and growth (Putnam 1985; Singh et al. 1999). In agricultural ecosystems,
many plant species are affected by autotoxicity, leading to decreased growth, low yields, and replant failures
(Singh et al. 1999; Pramanik et al. 2000; Asao et al. 2003). Autotoxicity may develop because of chemicals
released in the rhizosphere (Singh et al. 1999) through various mechanisms such as leaching atien-(Overland
1966), volatilization (Petrova 1977), root exudation (Tang and Young 1982), pollen spread in some plants
(Cruz-Ortega et al. 1988), and crop residue decomposition (Rice 1974). Pronounced autotoxicity can occur in
plants cultivated in the same soil for several years or grown in recycled hydroponic solutions (Takahashi
1984; Zhao et al. 2015).

In closed hydroponic systems in which the nutrient solution is recycled, root exudates with highly variable
chemical compositions are the common sources of bioactive allelochemicals (Inderjit and Weston 2003). In
fact, root exudates represent one of the largest sources of plant chemicals released into the rhizosphere that are
responsible for chemical interference among plants. The synthesis and exudation of allelochemicals, along
with the overall production of root exudates, are typically enhanced by stress conditions; including extreme
temperatures, drought conditions, and UV light (Inderjit and Weston 2003). A previous study revealed that in
Cucumis sativa, the concentration of benzoic acid (i.e., a major allelochemical) exuded by the roots increase
in nutrient solutions with increasing temperature and photoperiod length (Pramanik et al. 2000). Additionathy
the-inhibitornyeffect-of-Therefore, autotoxicity would be was-enhanced in strawberry plants with increasing

temperature under controlled conditions.—Fhe-growth-and-yield-of-strawberry-plants—aretowerat-36/25°C

o

to-seilless-substrates: The commercial hydroponic production of strawberry {Fragaria—<-ananassa-Duch)-is

responsible for some environmental pollution because of the release of used nutrient solutions. Although

recycling of the nutrient solution in closed hydroponic systems is recommended for sustainable agricultural
production, these systems may result in the development of autotoxicity because of the accumulation of
allelochemicals from root exudates. In addition, autotoxicity in strawberry plants is typically characterized by
the development of black root rot disease, which limits strawberry yields (Yuen et al. 1991; Wing et al. 1995;
Asaduzzaman et al. 2012). In closed hydroponic systems, strawberry roots release benzoic acid into the
nutrient solution (Kitazawa et al. 2005). The accumulation of this-benzoic acid in the nutrient solution inhibits
growth and metabolic activities of strawberry roots, ultimately causing electrolyte levels in cells and root lipid
peroxidation activities to increase, and the free radical scavenging activity of roots to decrease (Zhen et al.

2003). Additionally, the damaged strawberry roots exhibit impaired uptake of water and mineral nutrients
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from the nutrient solution. Consequently, shoot and root growth, the number of flowers and harvested fruits
per plant, and fruit development are adversely affected (Kitazawa et al. 2005).

Removing the inhibitory allelochemicals from the nutrient solution or decreasing their inhibitory effects
would result in normal growth and fruit yields. Thus, in our previous studies we studied elimination of these
chemicals or their harmful effects. We observed that activated charcoal adsorbs the accumulated phytotoxic
chemicals from the nutrient solution, and improves the growth and yield of strawberry plants (Kitazawa et al.
2005). In other studies, we revealed that supplementing the nutrient solution with auxin (Kitazawa et al. 2007)
or degrading the phytotoxic chemicals in strawberry root exudates (Asao et al. 2008; Asaduzzaman et al.
2012) helps prevent autotoxicity in closed hydroponic systems. However, the development of a method for
controlling autotoxicity that is suitable for the commercial production of strawberries in a closed hydroponic
system would be of considerable value.

Because of the adverse effects of autotoxicity on the uptake of water and minerals, supplying nutrients in
alternative ways (e.g., foliar application of amino acids) or improving strawberry plant growth with LEDs
may improve strawberry production. Amino acids protect plants from stresses in different ways, including
contributing to cellular osmotic adjustments, detoxifying reactive oxygen species, maintaining membrane
integrity, and stabilizing enzymes/proteins (Yancey et al. 1982; Bohnert and Jensen 1996). Proline has been
reported to accumulate during conditions of drought (Choudhary et al. 2005), high salinity (Yoshiba et al.
1995), high light and UV irradiation (Saito et al. 2012), heavy metal exposure (Saradhi et al. 1995), and in
response to biotic stresses (Fabro et al. 2004; Haudecoeur et al. 2009). As plant growth recovers from the
detrimental effects of stresses via the over-production of amino acids, many researchers have suggested that
the application of exogenous amino acids may improve the growth and yields of stressed crops (Schat et al.
1997; Maini and Bertucci 1999; Heuer 2003). Recent studies have revealed that exogenous amino acids can be
absorbed by leaves (Furuya and Umemiya 2002; Stiegler et al. 2013). Additionally, the foliar application of
exogenous amino acids positively affects the growth, yield, and quality of marigold (Sorwong and
Sakhonwasee 2015), Urtica pilulifera (Wahba et al. 2015), alfalfa (Pooryousef and Alizadeh 2014), Codiaeum
variegatum (Mazher et al. 2011), and grapevine (Garde-Cerdan et al. 2015; Portu et al. 2015). Mondal et al.
(2013) reported that the foliar application of amino acids decreased the effect of autotoxicity and increased the
growth and yield of strawberry plants. In particular, the foliar application of hydroxyproline (Hyp) and
glutamic acid (Glu) enabled strawberry plants to avoid the effects of autotoxicity.

Light conditions may affect the release of growth inhibitors, such as benzoic acid, which is a secondary
metabolite associated with photosynthesis. Light-emitting diodes have recently attracted attention as an
artificial light source for plant production because of their long life and lower heat emission and power
consumption compared with fluorescent lamps. Light-emitting diodes are capable of emitting a narrow
wavelength band, and are able to produce high-quality light suitable for plant growth. Exposure to a
combination of red light (600—700 nm) and blue light (400-500 nm) induces diverse effects on plant growth.
Additionally, photosynthetic activities are particularly effective under red and blue light (Katsumi and Sato

1985; Sadak et al. 2015). Therefore, improving retarded growth and yield of strawberry under autotoxicity
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through applicationsupplementation of different quality and guantity-intensity of lights along with amino acid
application would be imperative for sustainable crop production. Consequently, the farmers and commercial

growers who produce strawberry in greenhouse and also in plant factories through recycled hydroponics
would be benefitted. The present study was conducted to investigate the effects of LEDs and amino acids on
the improvement of growth and yield of strawberry plants from autotoxicity grown in a recycled hydroponic
system.

2. Materials and methods

2.1. Plant materials
Strawberry (Fragaria x ananassa Duch. var. “Toyonoka”) was used in this study. The plantlets were first

produced in tissue culture and rapidly multiplied on quarter-strength Murashige and Skoog medium
(Murashige and Skoog 1962), and then transferred to a 6-benzyle adenine free rooting medium. At the two- or
three leafves stage the plantlets were acclimated to a vermiculite substrate in cell trays (48 cm x 24 cm x 4
cm; 72 cells/tray). Then the cell trays were kept for about 60 days in a growth chamber set at 20/15°C
(day/night) with a 12-h photoperiod (fluorescent light; 145 pmol m 2 s ') and 60% relative humidity. The
plantlets were grown with 25% standard ‘Enshi’ nutrient solution (Table 1, Hori 1966) to induce the formation
of new roots and leaves. At the five- or six-leaf stage, plantlets were transferred to the nursery bed of a
hydroponic system in a controlled-environment room with the same conditions as in the growth chamber.
Strawberry plantlets were incubated in this nursery until the first cluster of flowers were observed. The first

flower clusters were removed and more homogenous plants were selected as planting materials.

2.2. Hydroponic nutrient solution
Strawberry plants were cultured in 25% standard ‘Enshi’ nutrient solution [pH 7.25 and electrical
conductivity of 0.8 dS m™] throughout the growth period. The electrical conductivity and pH of the tap water

used to prepare the nutrient solution were 0.22 dS m™* and 8.18, respectively.

2.3. Hydroponic systems and cultivation procedures

This study was conducted in the plant factory of the Experimental Research Center for Biological
Resources Science at Shimane University, Japan. The controlled-environment room was maintained at 60%
relative humidity and 880 ppm CO,, with a 12-h photoperiod. Two experiments were conducted once and
were not repeated. In the first experiment, one virus-free and healthy plantlet at the three- or four-leaf stage
was added to individual plastic containers (29 cm x 17 cm x 8 cm). Plantlets were supported by urethane foam
blocks (23 mm x 23 mm x 25 mm), which were inserted into small holes in a black plastic floating board that
was placed on top of the nutrient solution. Each plastic container was filled with 3 L of 25% standard nutrient
solution which was not aerated. After the transplantation was complete, the containers were transferred back

to the controlled-environment room that was set at 30/25 °C (day/night) (Fig. 1). The nutrient solution was not
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| renewed throughout euring-the experimental period.-from-February-23,2016-te-Jduly-4.2016. The amounts of

mineral nutrients remained in the nutrient solution were analyzed and adjusted biweekly. A sample of the used
nutrient solution was collected and filtered with qualitative filter paper (Advantec Grade no. 131; 125 mm).
The nutrient solution was supplemented-adjusted with the main nutrients to restore the initial concentrations as
much as possible following analyses with a C-141 ion meter (Horiba Ltd., Kyoto, Japan) for NO; , a UV mini
1240 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) for PO,>, and a Z-5010 atomic absorption
spectrophotometer (Hitachi, Tokyo, Japan) for K*, Ca**, Mg®*, and Fe*".

In the second experiment, plantlets exhibiting similar growth rates and vigor were transplanted to three
layered vertical growing beds (125 cm x 90 cm x 10.5 cm). Plantlets were transplanted to a foam bed fixed
with urethane cubes (23 mm x 23 mm x 27 mm), and incubated in the controlled-environment room set at
25/20 °C (day/night). In the vertical growing beds, five plants for each treatment were grown in each bed
having 50 L nutrient solution capacity. Two beds placed parallel to each other were connected to a tank filled
with 200 L nutrient solution. Therefore, each plant was treated with 20 L nutrient solution. The culture

solutions were not renewed entirely. There were six individual systems used for six different treatments (three

light conditions and with or without Glu). Nutrient solutions were recycled at 55/5 min (recycle/stop) using an
automatic pump. The concentrations of the main nutrients in the nutrient solution were adjusted every three
weeks as described for the first experiment. Flowers were pollinated every 2 or 3 days using a calligraphy
brush. Fruits were harvested when 80% or more of the fruits had turned red.

2.4. Fypes-of LEDsLight treatments
For the first experiment, we used three combinations of [Red (660 nm): Blue (450 nm)] LED lights (i.e.

2:8, 5:5, and 8:2) (Showa Denko K.K. Green Innovation Project, JapanShimane-Electric-Co—Ltd—Japan), with

fluorescent lamps used as a control. High frequency straight tube cool fluorescent lamps (FHF16EX-L-H)

were purchased from Panasonic, Japan. All light treatments were adjusted to ensure a similar light intensity
(i.e. 106-117, 107-125, 105-121, and 104129 pumol m ?s*, respectively) at the surface of the floating board.
The light panel was set at about 20 cm above the surface of the plant canopy. Data on irradiance and full
width at half maximum (FWHM) of three types of LEDs were measure at 25 °C (Fig. 2, Table 2). In the

second experiment, only one LED combination was used (i.e. R : B = 8:2) with three different intensities (i.e.
149, 269, and 567 pmol m?s ). We used MQ-200 Quantum separate sensor with handheld PAR meter
(Apogee Instruments, Inc. Logan UT, USA) for measuring PPFD in both the experiments.

2.5. Application of amino acids

Analytical grade amino acids were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Two amino acids

[i.e. hydroxyproline (Hyp) and glutamic acid (Glu)] were used in the first experiment, while Glu was used in

the second experiment because of its better performance. Amino acids constitute mainly nitrogenous

compounds which have great influence on plant growth and development. Therefore, eEach amino acid

concentration was adjusted so the applied nitrogen content was equivalent to that of a 200 ppm proline
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solution (i.e. 228 ppm Hyp and 319 ppm Glu). Leaves were sprayed with amino acid solutions (1.4 ml plant ™)
using a plastic hand spray bottles (Daiso, Japan) three times per week from planting to the final harvest.

Control plants were sprayed with distilled water.

2.6. Experimental design

For the first experiment, we used three combinations of LED lights (R : B = 2:8, 5:5, and 8:2) and
fluorescent lamps were used as control along with two amino acids and water as control. In the second
experiment, three different intensities of R : B = 8:2 LED light and either with or without Glu were used.
Both experiments were laid out in completely randomized design with two factors in split plot. Amine-acids

were-sprayed-in-split-plots-of-lightconditionsLight treatments were applied as main plot factor while amino

acid applications were the sub-plot factor. Total twelve treatments in the first experiment and six treatments in

the second experiment were applied by the combinations of light condition and amino acids. Each treatment

was replicated three times._In the first experiment, one plantlet was planted to each plastic container while five

plantlets were grown in each grow bed of hydroponic system.

2.7. Data collection

Data were collected for the following traits: anthesis date; fruit ripening date; number of leaves per plant;
maximum leaf length (from the base of the petiole to the tip of the apex leaflet) and width (from the edge of
two leaflets); leaf chlorophyll content [according to a chlorophyll meter (Konica Minolta, Tokyo, Japan)];
crown diameter; leaf, crown, and root dry weight; individual fruit weight and fruit yield per plant. Fruit

quality parameters were also analyzed (i.e., total sugar content, citric acid level, and ascorbic acid content).

2.8. Determination of fruit quality parameters
After harvest, fruits were frozen at —30°C for subsequent analyses of soluble solids, titratable acidity, and
ascorbic acid content following the methods described by Asaduzzaman et al. (2012). Fruit samples were

thawed and juiced to determine the above-mentioned strawberry fruit qualities.

2.9. Determination of mineral nutrient contents in plant tissues

Mineral nutrients such as calcium, magnesium, potassium and iron contents in different plant tissues after
harvest were analyzed using HNO; digestion as described in the Analytical Manual for the Standard Table of
Food Composition in Japan (Yasumoto et al. 2006). The leaves, crowns, and roots of plants were dried,
ground and digested and mineral nutrients were determined by methods mentioned in our previous report
(Asaduzzaman et al. 2012).

2.10. Statistical analysis
Analysis of variance for all data was done with computer package MSTAT-C developed by Russel (1986).

The mean differences of the treatments were adjusted by Tukey’s test at P<0.05.
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3. Results

3.1. Experiment-1

3.1.1. Plant growth

Light quality, the application of amino acids and their interaction had significant effect on the number of
leaves per strawberry plant, maximum leaf length and crown diameter, but did not significantly affect
maximum leaf width, root length and chlorophyll content (Table 23). Among amino acids application, water
spray (WS)-produced the highest number of leaves per plant while in case of light condition it was obtained
from R : B = 8:2 LED illumination. The combination of R : B = 8:2 LED and Hyp spray {HS}-produced the
most leaves per plant. All other illumination treatments and amino acid applications produced similar results,
except for the R : B = 2:8 LED with Hyp or Glu treatment and the fluorescent light with Glu spray {(GS}
treatment. Comparison among the light treatments revealed that exposure to all light conditions except R : B =
5:5 LED produced the longest leaves. While both Hyp sprayHS and Glu sprayGS but water sprayWs
produced longest leaves. The longest leaves (26 cmm) were observed in the Hyp sprayHS- treated plants
under fluorescent light. However, plants treated with water or Glu under fluorescent light produced similar
results. Additionally, plants grown under all combinations of LED conditions and amino acid spray except the
plants exposed to R : B =5:5 LED light with water sprays and Hyp sprayHS had similar leaves. The crown
diameter was widest in Glu spray&S among the amino acid and in R : B = 8:2 LED among the light condition.
Also, interaction of Glu sprayGS and R : B = 8:2 LED produced the widest leaves among all combinations of
light and amino acid.

Leaf, crown, root and total plant reet-dry weights were unaffected by the amino acid application, while

these parameters were significantly affected by the light quality and their interaction (Table 23). An increasing
trend in dry weights efleaves-was observed with increase in red light intensity. The highest dry weight of
leaves was obtained from R : B = 8:2 LED with Glu sprayGs treated plants which was similar to plants

treated with water sprayWs and Hyp sprayHS under R : B = 8:2 LED. Plants—produced-theteaves-dDry
weight production of leaf followed ing-the order as R : B =8:2 LED > R : B = 5:5 LED> fluorescent lamp > R

: B = 2:8 LED regardless of applied amino acid. Almost similar trends of results were observed for the crown

dry weight and total plant dry weight.

3.1.2. Yield and fruit quality

The number of days to anthesis and fruit ripening were unaffected by the light, amino acid treatments and
their interaction (Table 34). Number of flowers per plant, average fruit weight, number of fruits, and fruit
yield per plant were influenced significantly by amino acid and light quality and also by their interaction.
Significantly higher number of flowers and fruits per plant were produced by the R : B = 8:2 LED compared
to other lights and by Glu sprayGS compared to Hyp sprayHS or water spray*/S. The highest number of
flowers and fruits were obtained from plants treated with Glu sprayGS under R : B = 8:2 LED. The R: B =
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2:8 LED produced fewer number of flowers and fruits regardless of amino acid application. Similarly, the
average fruit weight was significantly higher in R : B = 8:2 LED and also by Hyp sprayHS. However, highest
average fruit weight was obtained from plants treated with Glu spray&S under R : B = 8:2 LED. Fruit yield
per plant was also significantly higher in R : B = 8:2 LED and by Glu sprayGS (Fig. 3). Additionally, the

highest fruit yield was obtained from plants treated with Glu sprayGS under R : B = 8:2 LED followed by
Hyp sprayHS under same light condition. R : B= 5:5 and R : B= 2:8 light produced significantly lower fruit
yield per plant irrespective of amino acid spraying.

Citric acid level of fruits was not significantly affected by light or amino acid treatments and their
interaction, unlike the total soluble solid and ascorbic acid content (Table 34). Total soluble solid content in
fruits was unaffected by amino acid treatment but affected by light condition and their combination. The
highest total soluble solid content fruits were found in Glu sprayGs treated plants under R : B = 8:2 LED light
illumination. On the other hand, significantly higher ascorbic acid content was recorded by amino acid and
light condition and their interaction. However, fruits with highest ascorbic acid content was obtained from the
plants grown under R : B = 8:2 LED light in amino acids and control (water). The LED light R : B = 5:5 and
2:8 produced strawberry fruits with lower ascorbic acid content either with or without amino acid spray than R
: B =8:2 LED. The results revealed that light composition gradient from red to blue (i.e. R : B = 8:2 to 2:8)

was associated with a decrease in ascorbic acid concentration.

3.1.3. Mineral nutrient content in plant tissues

Iron, magnesium, and potassium exeept-calcium-contents in strawberry leaf were significantly affected by
the combined effect of light and amino acid treatments (Table 45). The highest leaf iron content (215 mg kg™
DW) was observed for plants sprayed with water and grown under fluorescent lamps. However, this iron
content was similar to that of Hyp sprayHS- and Glu spray GS-treated plants under the same light conditions.
The iron content induced by the R : B = 8:2 LED combined with any amino acid treatment was similar to that
of plants grown under fluorescent lamps. Additionally, the R : B = 5:5 or 2:8 LED treatments combined with
any spray treatment significantly decreased the leaf iron contents.

The leaf magnesium content was the highest (7.6 mg g* DW) in plants with Glu sprayGS under
fluorescent light. Similar leaf magnesium content were observed for the Hyp spray HS-—and water spray-
treated plants under the same light conditions and for the plants exposed to R : B = 8:2 LED combined with
the Glu sprayGS or water treatment. The R : B = 5:5 or 2:8 LED with all spray treatments resulted in
relatively low leaf magnesium content. The leaf potassium content was the highest (44.2 mg g DW)
following the Hyp sprayHS treatment under the R : B = 2:8 LED condition. All other light conditions and
spray treatments produced similar leaf potassium contents, except for the R:B = 8:2 LED, which resulted in
lower leaf potassium contents regardless of the spray treatments.

For the crowns, the abundance of all minerals, except for potassium was significantly affected by the
combined effects of exogenous amino acids and LED conditions (Table 45). The iron content was the highest

(425 mg kg DW) in plants that were sprayed with water and grown under fluorescent light. Overall, the
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fluorescent light treatment produced the highest crown iron contents irrespective of the applied amino acid.
Similar results were observed for magnesium. In contrast, the crown calcium content was the highest (3.7 mg
g’ DW) in Glu sprayGS- treated plants under the R : B = 2:8 LED light. All other light and spray treatments
induced similar crown calcium contents, with the exception of the fluorescent light condition combined with

the Glu sprayGS treatment.

3.2. Experiment-11

3.2.1. Growth parameters

Light intensity and the combined effect of light intensity and Glu sprayGS showed a significant effect on
the number of leaves per strawberry plant, crown diameter, and root length, while the individual Glu sprayGSs
treatment did not (Table 56). The plants exposed to high-light-(HL} intensity with the Glu sprayGsS treatment
produced the most leaves per plant. Plants treated with high-lightHE intensity without Glu and those exposed
to medium-light-(ML} intensity with or without Glu had a similar number of leaves per plant. In contrast, the
low-light-(=L) intensity with or without Glu produced fewer leaves per plant. Similarly, the widest crown
diameter (26.7 mm) was observed for the high-lightHk intensity and Glu sprayGS treatment, although the
high-lightHE intensity without the Glu sprayGS resulted in a similar crown diameter. We observed that the
crown diameter decreased with decreasing light intensity, with the Glu sprayGS having no significant effect.
The longest roots (62.5 cm) were observed following the treatment with high-lightHk intensity and the Glu
sprayGs, although the Glu sprayGS did not have a significant effect. Additionally, the root lengths were
similar in plants exposed to medium-lightMk intensity, regardless of the spray treatment. In contrast, the low-
lightk intensity treatment with or without the Glu sprayGS produced relatively shorter roots. The length,
width, and chlorophyll content of leaves were not significantly affected by either light intensity, Glu sprayGs
treatment or their interaction.

The dry weights of strawberry roets-leaves, ard-crowns, roots and total plant dry weight were significantly
affected either by lght-LED intensity or ard-combination of ed-effecteftightLED intensity and Glu sprayGs,
but not by GS-Glu spray alone-treatment (Table 56). The plants treated with high-lightHE intensity with and

without the Glu sprayGS had similar dry weights. Furthermore, the highest dry weights of leaves, crown, anéd
roots and total plant were observed as at-25.4, 6.1, and-4.1, and 35.6 g plant™, respectively following the high-

lightHE intensity with Glu sprayGS-treatment. These dry weights were similar to those of plants treated with
high-lightHE intensity without the Glu sprayGS. The reot-leaf, and-crown, root and total plant dry weights

resulting from exposures to the low-lightte and medium-lightM intensities (with or without the Glu
sprayGS) were lower than those of the plants treated with high-lightHL intensity.

3.2.2. Yield and quality of fruits
The number of fruits per plant and average fruit weight were significantly affected by light intensity and

the interaction effect of light intensity and Glu sprayGS, but not by the Glu sprayGS alone (Table &7).
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However, fruit yield per plant was significantly affected by both Glu spray&S and light intensity and their
interaction_(Fig. 4). Plants treated with high-lightHk intensity and the Glu sprayGS produced the most fruits
per plant (37.2). The high-lightHE intensity treatment without the Glu sprayGS resulted in the second highest
number of fruits per plant, which was similar to the fruit yield per plant due to the treatments with medium-
lightM intensity (with or without the Glu spray&S) or low-lightlk intensity with the Glu sprayGS. The low-
lighttk intensity treatment without the Glu sprayGS generated the fewest fruits per plant. The greatest
average fruits were collected from plants grown under high-lightHt intensity without Glu applications.
However, the Glu sprayGS treatment had no significant effect. The plants grown under low-lighttk and
medium-lightMH= intensities produced smaller average fruits than medium-lightMi intensity. The total fruit
weight was the highest (249.0 g plant™) for the plants exposed to high-lightHL intensity and Glu, followed by
the plants treated with high-lightH intensity without Glu (175.0 g plant™) and the plants exposed to medium-
lightML intensity with Glu (Fig. 4). The lowest total fruit weights (60.6 g plant™) were recorded for the plants
grown under low-lighttk intensity with no Glu sprayGsS treatment.

Total soluble solid content was significantly affected by light intensity and by the combined effect of light
intensity and Glu spray&sS, but not by Glu alone (Table 67). The ascorbic acid and citric acid levels were
unaffected by light intensity, Glu application, or their interaction. The highest total soluble solid content
(7.3%) was observed in plants treated with high-lightHt intensity with or without Glu, while the lowest
soluble solid content (5.3%) was obtained for the plants exposed to low-lighttk intensity without Glu.

3.2.3. Mineral nutrient content in plant tissues

Light intensity and Glu sprayGS treatments had no significant effects on potassium and magnesium
contents in the crowns, leaves, and roots (Table 78). In these plant parts, calcium and iron content was
significantly affected by either light intensity or the interaction with Glu sprayGsS treatment but Glu sprayGS
application showed no significant effect. Exposure to high-lightHt intensity resulted in the highest root
calcium contents (75.0 mg™* g DW with Glu and 79.0 mg g DW without Glu) and crown calcium contents
(67.5 mg g DW with Glu and 59.8 mg g DW without Glu). There were no significant differences in the leaf
calcium contents under all light intensities with or without the Glu sprayGS treatment, except for the plants
treated with low-lighttk intensity and Glu, which had lower leaf calcium contents. Additionally, the plants
grown under high-lightH intensity with the Glu sprayGsS treatment produced the highest iron contents in the

roots, crowns, and leaves.

4. Discussion

In recent investigations of autotoxicity in strawberry plants under a closed hydroponic system, several
researchers (Kitazawa et al. 2005, 2007; Asao et al. 2008; Asaduzzaman et al. 2012; Mondal et al. 2013)
identified the responsible allelochemicals and suggested possible ways of overcoming this phenomenon. They
revealed that amino acid supplements could ameliorate the negative effects of autotoxicity in strawberry

plants grown under greenhouse condition and also in In vitro condition. Other studies reported that, high-
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temperature conditions enhanced the exudation of allelochemicals from plants under recycled hydroponics
(Pramanik et al. 2000). It caused physiological, biochemical, and molecular changes and-affecting metabolism,
such as lipid liquefaction or disruption of membrane integrity (Levitt 1980). Heat stress was also found to-be
enhanced the production and exudation of allelochemicals that promote autotoxicity (Inderjit and Weston
2003). Although strawberry plants are a temperate crop with optimal growth temperatures of 10-26 °C
(Ledesma et al. 2004); as a field- and greenhouse-grown crop, they are often subjected to high temperature.
Addressing autotoxicity problem in recycled hydroponics, we studied the effect of LED light and amino acids
on the recovery of growth and yield in strawberry grown in relatively higher temperature (30/25 °C;
day/night) settings. In this experiment, strawberry plants were grown under different LEDs-as-supplemental
lights along with amino acids application.

In the first experiment, we observed that some growth parameters, such as leaf number, leaf width, and leaf
length, root, and crown dry weights were enhanced by amino acid application and LED light (Table 23).
Research results showed that foliar application of amino acids increases the dry weights in bean (Nassar et al.
2003) and onion (Amin et al. 2011). As amino acids are the precursors that used during chlorophyll synthesis,
their supplementation may affect dry matter production in plants (Yaronskya et al. 2006). In particular, Hyp
and Glu were found to increase strawberry plant dry weight under allelochemical stress conditions (Mondal et
al. 2013). Moreover, the foliar application of amino acids increases plant protein contents, which ultimately
increases the dry matter (Das et al. 2002). The underlying mechanism is that when plants experience
autotoxicity, ion uptake and hydraulic conductivity (i.e. water uptake) are the-mest-affected-processes because
the roots are the first plant parts to encounter the autotoxins accumulated in the rhizosphere (Blum et al. 1999).
An alternative means of abserbing-mineral nutrients absorption other than threugh-the roots may help to
mitigate the effects of autotoxicity to ensure sustainable growth and productivity of strawberry plants. In our
present study, spraying Hyp and Glu showed positive influence on the growth and yield of strawberry.

It also revealed that yield contributing characters such as number of flowers per plant and number of fruits
were greatly influenced by Glu spraying and R : B= 8:2 LED treatment. Fruit yield was significantly higher in
plants grown under R : B = 8:2 LED either with Glu sprayGS followed by Hyp sprayHS under same light
condition. Whereas-while plants under R:B= 5:5 and R:B= 2:8 LED produced significantly lower fruit yield
irrespective of amino acids applied (Table 34). In addition, iron and magnesium contents in strawberry leaves
were found higher under R : B = 8:2 LED and also in fluorescent light treated with either amino acids or water
(Table 45). The greater improvement in overall strawberry plant performance induced by the R : B = 8:2 LED
might be due to the higher proportion of red light. Application of LEDs with precisely adjusted spectral

composition of light may provide better control over plant stress responses. Recently, LED supplemental

lightingit was reported to accelerate the photosynthetic activities and promote the growth of strawberry plants
(Hidaka et al.; 2013). A comparison of the photosynthetic rates of strawberry leaves exposed to red (660 nm)
or blue (450 nm) LEDs indicated that red light leads to higher quantum efficiency (Yanagi et al. 1996a) while
blue LEDs at 30 umol m * s * or red LEDs at 100 umol m % s * found to restore chlorophyll synthesis in wheat

seedlings (Tripathy and Brown; 1995). Other researchers also observed better plant responses to red and blue

11



406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

| LED combinations in various crops, including increased total biomass in red leaf lettuce-tetal-biemass (Stutte

et al. 2009), enhanced chlorophyll a and b accumulation in kale plants (Lefsrud et al. 2008), and increased
growth of lettuce, spinach, and radish (Yorio et al. 1998).

We providedsupplemented LED lights to strawberry plants under relatively higher growing temperatures to
enhance autotoxicity phenomenon, with a view that it can alleviate the heat stress condition. Plant biochemical
responses to different stressors can be triggered by precise changes to the light spectral composition, which
can be induced with LEDs. These light sources emit low heat and UV radiation, and they can be operated at a
fraction of the cost of fluorescent lights. It is reported that LEDs may be more suitable for plant cultures than
many other light sources (Massa et al. 2008). Studies by the Wisconsin group confirmed the necessity of
supplementing high-output red LEDs with blue light to promote acceptable plant growth (Hoenecke et al.
1992).

It is mentionable that, in the first study, the overall performances of strawberry plant were lower than the
optimum level. The main reason was associated with the higher growing temperature (30/25 °C; day/night)
which restrict the optimum plant growth and development, and lack of aeration. Thus, influence of exogenous
amino acid application and also red and blue light ratios was not pronounced greatly. Still positive influence
of R : B = 8:2 LED along with Glu application was observed. In the following studies, different intensities of
R : B = 8:2 LED with or without Glu application was investigated under optimum growth condition at
25/20 °C (day/night) in the plant factory research facilities of Shimane university. Strawberry production in
the plant factory doesn’t face the heat stress but growing in the recycled hydroponics creates autotoxicity. In
the plant factory, artificial lights especially LEDs are the main source of light. Therefore, in this present study,
influence of R : B= 8:2 LED with varied intensities along with Glu were investigated to overcome
autotoxicity under recycled hydroponics.

In the second experiment, plants exposed to high-light {H)-intensity showed greater performances in
terms of number of leaves per plant, crown diameter, root length and dry weights of the roots, shoots, and
crowns (Table 56). However, significantly similar positive influence was observed either with or without Glu
spray&S. Results also indicated that high-lightHk intensity provided by the R : B = 8:2 LED treatment
increases strawberry fruit yields, while Glu can compensate for the effects of decreased light intensity.
Spraying Glu in combination with R : B= 8:2 LED might improve the strawberry growth and development
under autotoxicity stress through supplying nitrogenous compounds via leaf stomata. Several-researches
supported—this—statement—Amino acids are the nitrogenous compound which can be absorbed by leaf
exogenously (Furuya and Umemiya 2002; Stiegler et al. 2013). Recent research revealed that foliar
application of amino acids has positive influence on the growth, yield and quality of alfalfa (Pooryousef and
Alizadeh 2014), Chinese cabbage (Cao et al. 2010); leafy radish (Liu et al. 2008) and Japanese pear (Takeuchi
et al. 2008). Moreover, it is reported to act as bio-stimulants in plant under abiotic and biotic stress conditions
(Maini and Bertucci 1999; Heuer 2003; Sadak et al. 2015).

Glutamic acid, in particular is important for nitrogen metabolism, and it is preferred as amino-donor for the

different aminotransferase reactions of subsequent amino acid inter-conversions (Lea and Ireland 1999).
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Ohyama et al. (2017) presented that, during amino acid metabolism in soybean plant, ammonium ion (NH,")
is first assimilated into Glutamine (GIn) combined with Glu by the enzyme glutamine synthetase. As it was
found in our second study, higher rate and intensity of red light LED was widely accepted to enhance
photosynthesis in plants. It was reported that, the red wavelengths (600 to 700 nm) were efficiently absorbed
by plant pigments (Sager and McFarlane 1997). Red LEDs were also considered as the most efficient emitting
at 660 nm, close to an absorption peak of chlorophyll which saturated phytochrome resulting in high-Pfr
photostationary state (Massa et al. 2008). Lettuce plants grown under red LEDs alone had more leaves and
longer stems than plants grown under blue LEDs only (Yanagi et al. 1996b). In our studies, R : B = 8:2 LED
light at an intensity of 567 umol m?s™ combined with the foliar application of Glu, increase the growth and
yield of strawberry plants in closed hydroponic systems.

5. Conclusion

In the present studies, we investigated the use of LED (R : B) and exogenous amino acid in order to
improve the growth and yield of strawberry plants grown in recycled hydroponics, where accumulation of root
exudates caused autotoxicity. The first study was conducted under relatively higher temperature (30/25 °C;
day/night), which enhanced development of autotoxicity, we targeted to reduce through artificial lighting and
also amino acid application. We observed a greater growth, minerals (iron and magnesium), yield attributes,
and fruit yield of strawberry due to R : B= 8:2 LED lighting and Glu spraying. However, the overall
performances of strawberry plant were lower than the optimum level which was mainly associated with the
higher growing temperature (30/25 °C; day/night) that restrict optimum plant growth and development. Thus,
influence of exogenous amino acid application and also red and blue light ratios was not pronounced greatly.
While in the second study, plants exposed to R : B= 8:2 LED (567 pmol m? s ') showed greater
performances on growth and several mineral content in strawberry plant supplied either with or without Glu.
ButfFruits number and yield per plants were higher with Glu than the ones sprayed without Glu. Therefore,
the use of LED (R : B = 8:2) at higher intensity along with Glu application may improves growth and yield of
strawberry plants grown in a closed hydroponics and thus alleviate the inhibitory effect of autotoxicity.
Further research is required to characterize the mechanisms underlying the improved growth induced by
amino acid supplementation. Additionally, different LED spectral conditions may positively influence plants

affected by autotoxicity, and would be the focus of our future investigations.
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Tables

Table 1. Full strength “Enshi” nutrient solution

Chemicals Amounts” (g/1000 L)
Ca(NO3),.4H,0 950
KNO; 810
MgSQO,.7H,0 500
NH4H,PO, 155
H3:BO; 3
ZnS0,4.7TH,0 0.22
MnSO, .4H20 2
CuS0O, .5H,0 0.05
Na,Mo0Q, .2H,0 0.02
NaFe-EDTA 25 “ [Formatted: Centered

ZAmounts of salts per 1000 L of tap water (Hor_i, 1966).

Table 2. Peak wavelength and full width at half maximum (FWHM) of three LEDs used in the study.

LED types Peak wavelength (nm) FWHM (nm)
RB =8 Red (8) 659.4 15.1
EE— Blue (2) 445.6 15.2
R:B; 5.5 Red (5) 659.4 14.6 N [Formatted: Font: 4 pt
. Blue (5) 445.6 159 [ Formatted Table
‘R =9 Red (2) 658.1 138 Formatted: Font: 4 pt
RB=28 Blue (8) 4456 165 [
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Table 3. Effects of light quality and amino acids spray on the growth of strawberry grown under heat stress condition.

Number Maximum Maximum Longest root  Crown SPAD DW of DW of DW of Total plant
Light quality and amino acid of leaves leaf length leaf width length (cm) diameter leaf crown root DW (g)
plant? (cm) (cm) (mm) @ @ @
Light quality
Fluorescent lamp 16.3 b* 25.0a 16.3a 30.1a 179¢c 51.2a 106 ¢ l4c 27¢c 14.7¢c
LED (R:B=8:2) 21.3a 19.3ab 13.7a 3l4a 27.4a 50.5a 133a 2.7a 37a 19.7a
LED (R:B =5:5) 19.3ab 18.3b 13.7a 31.8a 23.3b 51.0a 11.3b 1.7b 29b 159b
LED (R:B=2:8) 17.0b 19.7ab 146a 309a 23.4b 49.8a 9.5d 1.3d 2.0d 129d
Amino acid
Water 20.0a 20.3b 139a 29.8a 23.3b 50.2a 115a 19a 29a 16.3a
Hydroxyproline 18.8b 21.0a 148a 29.7a 209b 51.2a 115a 18a 27a 16.0a
Glutamic acid 16.8 ¢ 205a 15.0a 338a 24.8a 50.1a 106a 17a 3.0a 15.2a
Light quality x amino acid
Fluorescent lamp Water 19.0 abc 24.0ab 16.0a 28.1a 17.2§ 50.4 a 11.0b 15¢c 24c¢c 14.9d
Hydroxyproline  16.0 bc 26.0a 16.7a 28.1a 17.9 hi 529a 11.0b 15¢ 2.8 bc 153¢
Glutamic acid 14.0¢c 25.0ab 16.2a 34.1a 185h 50.3a 9.7d 12¢c 3.0bc 139e
LED (R:B=8:2) Water 21.0ab 19.0ab 136a 27.8a 254 ¢ 49.8a 13.0ab 2.8a 4.1a 199a
Hydroxyproline 24.0a 20.0ab 134a 31.7a 279b 51.0a 14.0a 29a 3.2 abc 20.1a
Glutamic acid 20.0 ab 19.0ab 14.0a 34.8a 28.8a 50.6 a 13.0ab 2.4ab 3.7ab 199a
LED (R:B =5:5) Water 19.0 abc 18.0b 13.0a 33.2a 23.7f 515a 12.0 abc 18b 3.1abc 169b
Hydroxyproline  19.0 abc 18.0b 13.3a 274a 20.2¢g 51.7a 11.0b 16b 2.8 bc 154¢
Glutamic acid 20.0ab 19.0ab 146a 349a 26.1d 50.0a 11.0b 17b 2.8 bc 155¢
LED (R:B =2:8) Water 21.0ab 20.0ab 12.8a 299a 27.0c 49.2a 10.0c l4c 1.9d 13.3f
Hydroxyproline  16.0 bc 20.0ab 158a 315a 17.6 ij 49.3a 10.0c 12c 1.9d 13.1f
Glutamic acid 14.0c 19.0ab 15.2a 3l2a 25.7 de 49.6 a 8.6d 13c 2.3¢C 1229
Significance
Light quality * x NS NS * NS * * * *
Amino acid * * NS NS * NS NS NS NS NS
Light quality x amino acid * * NS NS * NS * * * *

“Means within column for main-plot factor (light quality), sub-plot factor (amino acid) and their interaction having the same letters are not significantly different according to the Tukey’s Test at
P <0.05.

“Significant and “*Not significant at 5% level.

DW = Dry weight.
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Table 4. Effects of light quality and amino acids spray on the yield attributes and fruit quality of strawberry grown under heat stress condition.

Number of days Number of days ~ Number of Number of ~ Average Total soluble solids  Citric acidity of ~ Ascorbic acid
Light quality and amino acid to anthesis to fruit ripening  flowers plant™  fruit plant™  fruit weight  of fruits (%) fruits (%) content of fruits
@ (ppm)
Light quality
Fluorescent lamp 8.6 &’ 35.3a 28.3b 4.4b 25b 4.6¢C 0.70 24.0b
LED (R:B=8:2) 85a 32.8a 44.0a 5.7a 27a 5.6a 0.62 38.7a
LED (R:B =5:5) 75a 32.6a 21.8¢ 24c¢ 24¢ 50b 0.71 24.8b
LED (R:B =2:8) 7.3a 34.7a 17.4d 2.2d 2.1d 4.4d 0.71 17.7¢
Amino acid
Water 8.la 34.2a 19.7¢c 29c 2.3c 4.9 0.70 24.7b
Hydroxyproline 8.3a 33.2a 28.9b 36b 26a 4.9 0.62 26.5ab
Glutamic acid 75a 34.0a 35.2a 45a 2.4b 5.0 0.73 27.8a
Light quality x amino acid
Fluorescent lamp Water 8.0a 36.5a 19.0f 3.6d 24¢e 4.6 f 0.74 21.0cd
Hydroxyproline 8.4a 35.0a 31.0d 4.0c 2.8b 3.7h 0.63 24.0 bc
Glutamic acid 9.4a 344a 35.0c 5.7b 2.3f 3.7h 0.74 27.0b
LED (R:B=8:2) Water 100a 33.0a 21.0 ef 43¢ 27¢c 5.6¢c 0.58 39.2a
Hydroxyproline 8.0a 332a 48.0b 57b 27¢c 55d 0.58 39.0a
Glutamic acid 7.4a 315a 63.0a 7.0a 29a 6.1la 0.7 37.8a
LED (R:B=5:5) Water 6.6a 31.3a 226¢e 2.0gh 2.1h 5.0e 0.86 21.8cd
Hydroxyproline 8.6a 325a 226¢ 2.5¢f 26d 4.7 f 0.63 24.4 be
Glutamic acid 7.2a 340a 20.0 ef 2.7e 24¢e 6.0b 0.63 28.2b
LED (R:B =2:8) Water 7.8a 36.0a 16.09 1.7h 21h 4.4 0.63 16.6d
Hydroxyproline 8.0a 32.0a 13.8¢g 2.3 fi 2.2 449 0.63 18.6d
Glutamic acid 6.0a 36.0a 225¢ 2.7¢e 21h 3.7h 0.86 18.0d
Significance
Light quality NS NS * * * * NS *
Amino acid NS NS * * * NS NS *
Light quality X amino acid NS NS * * * * NS *

“Means within column for main-plot factor (light quality), sub-plot factor (amino acid) and their interaction having the same letters are not significantly different according to the Tukey’s Test at
P <0.05.
“Significant and “*Not significant at 5% level.
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Table 5. Effects of light quality and amino acids spray on nutrients content of strawberry plants grown under heat stress condition.

Light quality and amino acid Fe (g kg~ DW) Mg (mg g~ DW) K (mg g~ DW) Ca (mgg” DW)
Leaves Crown Leaves Crown Leaves Crown Leaves Crown
Light quality
Fluorescent lamp 203 a* 239 a 74a 8.7a 40.5b 37.4a 305a 2.6d
LED (R:B=8:2) 154 b 221a 6.5b 6.5¢C 35.1d 31.2a 32.6a 2.8¢
LED (R:B =5:5) _87¢c 122b 6.1lc 6.5¢ 39.1c 35.8a 338a 3.0b
LED (R:B=2:8) _87¢c 148b 6.0c 75b 434a 37.8a 30.1a 36a
Amino acid
Water 145a 180a 6.6a 75a 39.7a 354a 326a 29a
Hydroxyproline 120b 183a 6.3a 71a 39.1a 345a 31.0a 3.0a
Glutamic acid 135ab 186a 6.7a 7.3a 39.7a 36.9a 3l16a 3.0a
Light quality x amino acid
Fluorescent lamp Water 215a 225 abc 7.4a 95a 40.3 ab 34.0a 3l2a 3.0ab
Hydroxyproline 184 ab 272a 7.3a 8.5ab 40.4 ab 37.8a 315a 2.5ab
Glutamic acid 209 a 221 abc 7.6a 8.3ab 40.7a 40.5a 28.8a 2.1b
LED (R:B=8:2) Water 188 ab 254 ab 6.7 ab 6.5¢c 35.7b 3l.1la 30.3a 2.5ab
Hydroxyproline 123 ab 196 abc 6.2b 6.3¢c 34.2b 295a 336a 2.9ab
Glutamic acid 150 ab 218 abc 6.6 ab 6.8 bc 355b 33.1a 33.7a 3.0ab
LED (R:B =5:5) Water 86 b 105d 6.3b 6.5¢c 39.7ab 38.7a 34.8a 2.7ab
Hydroxyproline 86 b 103d 57b 6.2¢c 37.8ab 33.1a 310a 3.0ab
Glutamic acid 88h 159 ¢ 6.4 ab 6.7 bc 39.7ab 35.6a 35.6a 3.2ab
LED (R:B=2:8) Water 89b 135¢ 6.0b 7.5bc 43.1a 37.6a 342a 3.5ab
Hydroxyproline 84b 161b 59b 7.4 bc 44.2a 37.3a 279a 36a
Glutamic acid 93b 149 ¢ 6.1b 7.6 be 428a 385a 28.3a 3.7a
Significance
Light quality * * * * * NS NS *
Amino acid * NS NS NS NS NS NS NS
Light quality x amino acid * * * * * NS NS *

“Means within column for main-plot factor (light quality), sub-plot factor (amino acid) and their interaction having the same letters are not significantly different according to the Tukey’s test at
P <0.05.

“Significant and “*Not significant at 5% level.

DW = Dry weight.







Table 6. Effects of LED light intensity and Glutamic acid on the growth of strawberry plant grown in controlled environment facilities.

. . L No. of leaves Leaf length Leaf width Crown diameter ~ Root length  SPAD Dry weight (g plant?) Total plant
LED intensity and Glutamic acid lant™ (cm) (cm) (mm) (cm) Leaf Crown Root DW (q)
LED intensity”
Low 13.9¢” 21.4a 153a 14.8¢c 41.8b 456a 109¢c 18¢c 17¢c 14.4c
Medium 20.0b 20.1a 16.8a 20.3b 54.8 ab 5l1.1a 149b 2.8b 21b 19.8b
High 24.8a 18.8a 14.8a 24.7a 58.6 a 51.1a 24.2a 6.0a 4.0a 34.1a
Glutamic acid”
Glu (-) 18.7a 199a 151a 18.3a 47.8a 48.7a 16.4a 33a 2.4a 22.1a
Glu (+) 20.4a 20.3a 16.0a 215a 55.6 a 49.8a 169a 3.8a 2.7a 234a
LED intensity x Glutamic acid
Low Glu (-) 124¢ 20.6a 14.9a 135¢ 36.5b 45.8a 10.9b 1.7¢ 1.6b 14.2d
Glu (+) 15.4 be 22.2a 15.6a 16.1¢c 47.0ab 4542 11.0b 19¢ 17b 14.6 d
Medium Glu (- 19.6 abc 18.8a 16.0a 18.7b 52.2ab 49.8a 155b 2.3bc 18b 196¢
Glu (+ 20.4 abc 21.3a 175a 218b 574a 52.4a 143b 3.3b 2.4b 20.0c
High Glu (- 24.2 ab 20.2a 14.5a 22.7a 54.6 a 50.6 a 229a 5.8a 3.9a 32.6b
Glu (+ 25.4a 17.4a 15.0a 26.7a 62.5a 516a 25.4a 6.1la 4.1a 35.6a
Significance
LED intensity * NS NS * * NS * * * *
Glutamic acid NS NS NS NS NS NS NS NS NS NS
LED intensity x Glutamic acid * S NS * * S * * * *

?LED intensity low, medium and high are 149, 269 and 567 u mol m?s™.

YValues in a column for main-plot factor (LED intensity), sub-plot factor (Glutamic acid) and their interaction having the same letters are not significantly different according to the Tukey’s test
at P <0.05.

*Glutamic acid applied (+), not applied (-).

“Significant and ">Not significant at the 5% level.
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Table 7. Effects of LED light intensity and Glutamic acid on yield attributes and quality of strawberry grown in controlled environment facilities.

LED intensity and Glutamic acid Number of fruit plant™ Average fruit weight (g) Total soluble solid (%) Citric acidity (%) Ascorbic acid (ppm)
LED intensity’
Low 15.6 ¢¥ 49¢c 5.4b 0.44 a 377.4a
Medium 229b 5.3b 6.3ab 0.44a 360.0a
High 315a 69a 72a 044a 3879a
Glutamic acid®
Glu (-) 19.7a 56a 6.2a 0.43a 381.6a
Glu (+) 269a 58a 6.4a 0.44a 368.6 a
LED intensity x Glutamic acid
Low Glu (- 13.2¢c 46b 5.3¢c 044a 389.9a
Glu (+ 18.0 bc 51b 55¢ 0.43a 3649a
Medium Glu (- 20.2 bc 5.2b 6.2b 0.44a 368.4 a
Glu (+ 25.6b 54b 6.3b 0.44a 3515a
High Glu (- 25.8b 6.9a 7.0a 0.42a 386.4a
Glu 37.2a 6.8a 7.3a 0.45a 389.4a
Significance
LED intensity * * * NS NS
Glutamic acid NS NS NS NS NS
LED intensity x Glutamic acid * * * NS NS

?LED intensity as low, medium and high are 149, 269 and 567  mol m2s™.

YValues in a column for main-plot factor (LED intensity), sub-plot factor (Glutamic acid) and their interaction having the same letters are not significantly different according to the Tukey’s test
at P <0.05.

*Glutamic acid applied (+), not applied (-).

“Significant and N>Not significant at the 5% level.
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Table 8. Effects of LED quantities and Glutamic acid on mineral nutrient content of strawberry plant grown in controlled environment facilities.

K (mgg'D Mg (mg g™ DW) Ca (mg g’ DW) Fe (mg kg™ DW)
LED intensity and Glutamic acid
Root Crown Leaf oot Crown Leaf Root Crown  Leaf Root Crown Leaf
LED intensity’
Low 26.0aY 35.0a 52.2a 13.1a 69.6 a 139a 34.1b 386b 445a 1455b 564 b 84b
Medium 28.8a 36.0a 52.4a 114a 70.8a 129a 72.0a 40.9b 535a 1631la 601 b 95
High 3l4a 32.2a 455a 14.1a 75.6a 114a 77.0a 63.6a 49.3a 1623 a 1022a 13la
Glutamic acid”
Glu (- 27.7a 345a 49.1a 13.2a 736a 129a 60.8a 45.7a 489a 1589 a 723 a 100a
Glu (+ 29.7a 343a 51.0a 125a 704 a 125a 6l.2a 49.8a 49.3a 1550 a 734 a 107 a
LED intensity x Glutamic acid
Low Glu (- 24.8a 349a 49.8a 139a 68.4a 14.0a 33.6b 37.4b 38.6b 1463 b 554 b 94 b
Glu (+ 27.2a 35.2a 54.6 a 122a 70.8a 138a 34.6b 39.8b 50.4a 1446 b 574 b T74c
Medium Glu (- 26.7a 35.8a 516a 11.1a 724 a 13.7a 69.9a 39.8b 58.8a 1670 a 666 b 82b
Glu (+ 309a 36.2a 53.1a 116a 69.2a 12.0a 74.0a 42.1b 48.2a 1592 a 536b 107b
High Glu (- 31.7a 32.8a 459a 145a 80.0a 111a 79.0a 59.8a 49.2a 1634a 950b  123ab
Glu (+ 31.0a 315a 45.2a 138a 71.2a 11.8a 75.0a 67.5a 49.4a 1611a 1093a 139a
Significance
LED intensity NS NS NS NS NS NS ol * NS * * *
Glutamic acid NS NS NS NS NS NS NS NS NS NS NS NS
LED intensity x Glutamic acid NS NS NS S NS NS * * _* * * *

?LED intensity as low, medium and high are 149, 269 and 567 y mol m2s™.

YValues in a column for main-plot factor (LED intensity), sub-plot factor (Glutamic acid) and their interaction having the same letters are not significantly different according to the Tukey’s test

at P <0.05.

*Glutamic acid applied (+), not applied (-).

“Significant and “>Not significant at the 5% level.

DW = Dry weight.
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Fig. 1. Three layered vertical growing beds used for cultivation of strawberry plants under controlled-environment.
In the first experiment, plastic container filled with 3 L of 25% standard nutrient solution was used for each plant.
Three combinations of LED [Red (660 nm): Blue (450 nm)] lights (i.e., 2:8, 5:5, and 8:2, bottom, middle and top
grow bed, respectively) [A] were used along with fluorescent lamps [B] as a control. The light panel was set at
about 20 cm above the surface of the plant canopy. In the second experiment [C], each grow bed with 50 L nutrient
solution capacity was used. Two beds placed parallel to each other were connected to a tank filled with 200 L
nutrient solution. Six individual systems used for six treatments (i.e., three light conditions either with or without
Glu). LED combination was used (i.e., R: B = 8:2) with three different intensities (i.e., 149, 269, and 567 pmol m 2

sh.



Irradiance (W nm-1)

0.016

0.014

0.012

= Red

Blue

0.01

0.008

0.006

0.004

0.002

J

——

550

650
wavelength (nm)

750 850

Irradiance (W nm-1)

0.016

0.014

0.012

=t—Red

0.01

=r—Blue

0.008

0.006

0.004

0.002

\

/

\

J

350

450

550

650
wavelength (nm)

750 850

Irradiance (W nm-1)

0.016

0.014

0.012

Red

—+—Blue

0.008

0.006

0.004

\

0.002

J

N

A\

350

450

550

650

750 850

wavelength (nm)

Fig. 2. Irradiance of three types of LEDs, (A) Red: Blue = 8:2, (B) Red: Blue = 5:5, and (C) Red: Blue = 8:2 used
in this experiment. The measurement was conducted at 25 °C. The commercial LEDs were supplied from Showa
Denko K.K. Green Innovation Project, Japan.
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Fig. 3. The effects of light quality and amino acids spray on the fruit yield of strawberry grown under heat stress

condition. Bars with the same letter(s) are not significantly different according to the Tukey’s Test at P < 0.05.
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Fig. 4. The effects of LED light intensity and Glutamic acid application on the fruit yield of strawberry grown in
controlled environment facilities. Bars with the same letter are not significantly different according to the Tukey’s
test at P < 0.05. LED intensity low, medium and high are 149, 269 and 567 p mol m? s, Glutamic acid applied (+),
not applied (-).
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