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Abstract: This research was conducted to study the effects of LED red and blue spectra irradiance
levels and nutrient solution (electrical conductivity) and their interaction on the plant growth, yield,
and phytochemical contents of lemon basil (Ocimum citriodorum Vis.) in a controlled environment.
The controlled environment was equipped with red and blue spectra at a 4:1 ratio with irradiance
levels of 80 and 160 µmol m−2 s−1 and irrigated with four different nutrient solution ECs at 1.0, 1.8,
2.6, and 3.4 mS cm−1, cultivated on a vertical structure. The temperature and relative humidity of
the controlled environment and the pH of the nutrient solution were maintained at 26 and 18 ◦C
day and night, 65 ± 5%, and pH 6, respectively. It was observed that plant height, canopy diameter,
and the number of leaves of lemon basil had significantly increased under the irradiance levels of
160 µmol m−2 s−1 in combination with a nutrient solution EC of 2.6 mS cm−1. In addition, there was
an interaction observed between the LED irradiance levels and the nutrient solution EC on the fresh
weight of the stem and the dry weight of all the plant parts (leaves, stem, and roots). Lemon basil
cultivated at 160 µmol m−2 s−1 and irrigated with 2.6 mS cm−1 was significantly higher in fresh stem
weight and dry leaf, stem, and root weight at 17.36, 1.79, 1.82, and 0.22 g, respectively. The ascorbic
acid of lemon basil was significantly higher under a treatment of 160 µmol m−2 s−1 irradiance
level and an EC of 2.6 mS cm−1, and no interaction was observed. At the same time, there was an
interaction observed between the LED irradiance level and the nutrient solution EC on the total
phenolic content (TPC), total flavonoid content (TFC), and caftaric acid concentration of lemon basil.
Lemon basil cultivated at 160 µmol m−2 s−1 and irrigated with 2.6 mS cm−1 was significantly higher
in TPC, TFC, and caftaric acid concentration, with 1440.62 mg gallic acid equivalent to 100 g−1 DW,
1148.79 mg quercetin equivalent to 100 g−1 DW, and 2812.50 mg 100 g−1 DW, respectively. This result
indicates that the irradiance levels of red and blue LED spectra at 160 µmol m−2 s−1 and irrigated
with a nutrient solution EC of 2.6 mS cm−1 enhances the growth, yield production, and phenolic
content of lemon basil in a controlled environment facility.

Keywords: light-emitting diodes; electrical conductivity; caftaric acid; rosmarinic acid; controlled
environment

1. Introduction

Lemon basil (Ocimum citriodorum Vis.) is an ornamental, culinary, and medicinal
herb that is planted widely and has flourished under a variety of planting conditions [1].
The species belong to the family Lamiaceae and contains an abundant source of phenolic
compounds. Phenolic compounds, such as rosmarinic, chicoric, caffeic, and caftaric acids,
have been reported to be obtained (in vast concentrations) from various basil cultivars [2–4],
which have been documented to be a rich source of antioxidants [2]. The leaves have
been used, either fresh or dried, as spices. Meanwhile, the essential oil extracted from
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basil can be used as an aromatic additive in food, pharmaceuticals, and cosmetics [4].
Usually, basil is cultivated in open fields, and the United States is known to be the largest
producer and importer of basil in the world [5]. However, the yield and quality in terms
of phytochemical contents are hard to control, and it varies with season, cultivar, and
cultivation location [6–8].

Indoor vertical farming, known as “plant factory”, is a highly controlled environ-
mental system for plant production that uses multiple-layer culture shelves with artificial
lighting [9,10]. Light is one of the most important environmental factors that affect plant
development and regulate plant behavior, depending on the light quality, quantity, direc-
tion, and duration [11–14]. Light quantity is known as the irradiance level of light. The
irradiance levels of red and blue LEDs significantly affect lemon basil growth and develop-
ment. Red light seems to be more effective in improving photosynthesis compared to blue
or green light [12]. In contrast, blue light has been shown to lead to an increase in ascorbic
acid, phenolic contents, and chlorophyll in various species [15]. Darko et al. [16] stated that
a combination of red and blue light is more efficient than monochromatic light. In indoor-
grown basil and lettuce, a range of optimal intensities is used, ranging from 50–150 [17].
In addition, lettuce can be grown under light intensities ranging from 40–200, leading to
increases in ascorbic acid, phenolic, carotenoid, tocopherol, flavonoids, glucosinolate, and
anthocyanin content and reduced postharvest decay [18–22].

In addition, irrigation systems are one of the most important parts of controlled
environment systems that use hydroponic systems. The nutrient solution (electrical con-
ductivity) supplied to the plants plays a crucial role as it significantly affects plant growth
performance, such as stem height and dry weight, and can also influence plant appearance,
nutritional values, and the shelf life of plants [23,24]. Supplementing with a high level
of electrical conductivity in the nutrient solution has been said to stimulate ion toxicity,
osmotic stress, and nutrient disparity, while insufficient electrical conductivity, in general,
leads to nutrient scarcity [25]. According to Vendrame et al. [26] and Poorter and Nagel [27],
nutrient uptake is generally affected by irradiance levels (photosynthetic photon-flux
density). A previous study by Lu et al. [28] showed that the growth parameters and an-
thocyanin concentration of red and blue perilla were higher under high light intensity
(PPFD) and EC. However, the rosmarinic acid concentration was higher under the lowest
EC with high light intensity. Samarakoon et al. [29] stated that plants supplemented with
nutrient solution at an electrical conductivity of 2.0 to 3.0 mS cm−1 provide the optimum
rate for better plant growth performance. However, farmers tended to over or undersup-
ply the nutrient solution, which impacted plant growth performance, yield production,
and quality.

The red and blue spectra irradiance levels of LEDs significantly affected lemon basil
growth and development. However, there is scarce information on the interaction between
the irradiance levels of LEDs with red and blue spectra and the EC of the nutrient solution
in regulating herb production and the accumulation of phytochemical contents. Therefore,
the current study was implemented to ascertain the changes in growth, yield production,
and quality in terms of the phytochemical contents of lemon basil plants in response to
different combinations of irradiance levels of LEDs of red and blue spectra and the EC of
the nutrient solution. The study envisages the possibility of providing valuable insights
into the regulation of the irradiance levels of LEDs with red and blue spectra and the EC of
the nutrient solution in attempts to improve the growth performance, yield production,
and phytochemical contents of lemon basil grown under vertical structures in a hydroponic
system in a controlled environment facility.

2. Materials and Methods
2.1. Plant Materials and Treatments

The research was conducted in a controlled environment growth room at the Faculty
of Agriculture, Universiti Putra Malaysia. Seeds of lemon basil (Ocimum citriodorum Vis.)
were germinated and raised in peat moss. On day 14, the seedlings were transplanted
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into a pot (3.5 × 5.0 × 5.7 cm) and placed on the vertical structure in a growth room. The
seedlings were grown in a closed-circulating water culture under two different irradiance
levels of LEDs (brand Philips) and supplied by Elite Scientific Instruments Sdn. Bhd.
(80 and 160 µmol m−2 s−1) with red and blue spectra in a ratio of 4:1. The essential nutrient
solution in each tank was set at different electrical conductivity (EC) values: 1.0, 1.8, 2.6,
and 3.4 mS cm−1, which were regularly checked using an EC meter (DIST 4 EC Meter
by Hanna Instruments) (Table 1) (FERTITRADE, Petaling Jaya, Malaysia). The growth
chamber’s relative humidity and day/night temperature during the study were 65 ± 5%
and 26/18 ◦C, respectively. The photoperiod was set up for 14 h (06.00 a.m. to 08.00 p.m.).
The pH value of the nutrient solution was amended to 6.0 and maintained throughout
the experiment.

Table 1. Mineral composition of nutrient solution.

Electrical Conductivity (EC) Nutrient Concentrations (mg L−1)

1.0
N = 92.80, P = 26.80, K = 95.60, Ca = 40.00, Mg = 12.00,
S = 32.00, Fe = 1.20, Mn = 0.248, B = 0.176, Cu = 0.008,
Zn = 0.044, Mo = 0.019

1.8
N = 232.00, P = 67.00, K = 239.00, Ca = 100.00, Mg = 30.00,
S = 80.00, Fe = 3.00, Mn = 0.62, B = 0.44, Cu = 0.02, Zn = 0.11,
Mo = 0.048

2.6
N = 278.00, P = 80.40, K = 286.80, Ca = 120.00, Mg = 36.00,
S = 96.00, Fe = 3.60, Mn = 0.744, B = 0.528, Cu = 0.024,
Zn = 0.132, Mo = 0.058

3.4
N = 324.80, P = 93.80, K = 334.60, Ca = 140.00, Mg = 42.00,
S = 112.00, Fe = 4.20, Mn = 0.868, B = 0.616, Cu = 0.028,
Zn = 0.154, Mo = 0.067

Note: N-nitrogen, P-phosphorus, K-potassium, Ca-calcium, Mg-magnesium, S-sulfur, Mn-manganese, Fe-iron,
Cu-copper, B-boron, Zn-zinc, and Mo-molybdenum.

2.2. Plant Growth Measurement

Data on lemon basil height, canopy diameter, and the number of leaves were collected
at three-day intervals for 30 days after transplanting (DAT). Lemon basil height was
evaluated using a ruler from the sponge surface to the shoot tip. Each plant was viewed
from all sides for the plant canopy to determine the side where the canopy was broadest.
The distance between the two opposite sites was recorded as the canopy width (cm) and
was measured with a ruler, and the number of leaves was counted manually.

2.3. Yield Parameters

Three plants from each experimental unit were harvested and separated into three
different parts: leaf, stem, and root, and the fresh weight was taken. The leaf area of
detached leaves was measured (before dry mass measurement) using a leaf area meter
(LI-300 LI-COR, USA) and expressed as cm2 plant−1. Leaf, stem, and root were oven-dried
at 65 ◦C for three days, and the dry mass of leaves, stem, and roots was recorded.

2.4. Phytochemical Contents
2.4.1. Ascorbic Acid

Approximately 0.2 g of a fresh lemon basil leaf was weighed and put in mortar. Then,
2 mL of 10% (v/v) trichloroacetic acid was added and homogenized under dull light and on
ice for cold conditions using a pestle. The prepared sample was then centrifuged for 10 min
at 4 ◦C at 5000 rpm. Subsequently, 0.3 mL of supernatant was added with 0.2 mL of 10%
(v/v) Folin-Ciocalteu reagent and 1.7 mL distilled water. The absorbance was measured at
760 nm using a UV-Vis spectrophotometer. A standard curve was arranged using several
concentrations of ascorbic acid from 0 to 60 µg ml−1 [30]. The determination of ascorbic
acid was carried out in triplicate.
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2.4.2. Sample Extraction for Total Phenolic Content and Total Flavonoid Content

About 0.5 g of dried lemon basil leaves was extracted in 10 mL of 80% (v/v) methanol
by shaking for 4 h at room temperature. Then the samples were centrifuged for 30 min
at 13,200 rpm. The methanolic extract was stored at −20 ◦C for further analysis of total
phenolic contents and total flavonoid contents [31].

2.4.3. Total Phenolic Content

Total phenolic contents of lemon basil were established using a modified Folin–
Ciocalteu colorimetric assay [32]. A combination of 1 mL of methanolic extract,
0.525 mL Folin–Ciocalteu reagent, 0.945 mL of distilled water, and 2.625 mL of 2.1% (w/v)
aqueous sodium carbonate were prepared and incubated for 20 min in the dark at room
temperature. The absorbance of the samples was measured using a UV-Vis spectropho-
tometer at 735 nm against a blank solution containing 0.21 mL of 80% (v/v) methanol,
1.89 mL of distilled water, and 0.525 mL of 2.1% (w/v) aqueous sodium carbonate. Total
phenolic content was computed by comparing the sample absorbance to a calibration curve
of gallic acid. The value of total phenolic content was expressed as gallic acid equiva-
lents (GAE) mg 100 g−1 dry weight. The equation of calibration curve was expressed as
y = 1.8185x + 0.1359 (R2 = 0.9958).

2.4.4. Total Flavonoid Content

For total flavonoid content analysis, about 1 mL of methanolic extract was added to
0.3 mL of 5% (w/v) sodium nitrite and incubated at room temperature for 5 min. Afterward,
0.3 mL of 10% (w/v) aluminum chloride and 2 mL of 1 N sodium hydroxide were added,
and the total volume was made up to 5 mL with distilled water. The samples were measured
using a UV-Vis spectrophotometer at an absorbance of 510 nm. The calibration curve was
prepared using quercetin, and the total flavonoid contents were then calculated using
this calibration curve. Then the total flavonoid content was expressed as mg quercetin
equivalents 100 g−1 dry weight [33]. The equation of calibration curve was expressed as
y = 0.0783x + 0.0676 (R2 = 0.9845).

2.5. Individual Phenolic Compounds

Methanolic lemon basil extracts were sieved using a 0.22 µm Whatman nylon filter
and then analyzed for rosmarinic, chicoric, caftaric, and gentisic acids using a prescribed
method by Flanigan and Niemeyer [34] on a Waters dual-pump high-performance liquid
chromatography (HPLC) using a Waters C-18 Symmetry column (Milford, MA). The detec-
tion wavelength was 330 nm. Eluent A was 3% (v/v) methanol and 1% (v/v) formic acid in
waters, and eluent B was 0.1% (v/v) formic acid in acetonitrile. The linear gradient was
used with a mobile phase flow rate of 0.1 mL/minute: hold at 95% A, 0–2 min; 95–75%
A, 2–12 min; hold at 75% A, 12–17 min; 75–10% A, 17–18 min; hold at 10% A, 18–23 min;
10–95% A, 23–24 min; equilibrate at 95% A, 24–34 min. The phenolic compound was iden-
tified in the aqueous methanolic lemon basil extracts by comparison of chromatographic
retention times against analytical standards. The phenolic compound was quantified
by comparing integrated peak areas to standard calibration curves: chicoric and caftaric
acids = 0.26–50.0 mg/L, rosmarinic acid = 0.11–75.0 mg/L, and gentisic acid= 0.87–65.0 mg/L.

2.6. Experimental Design and Statistical Analysis

The treatments were arranged as a randomized complete block design (RCBD) with
four replications with 2 factorials (irradiance levels of the LEDs and the EC of the nutrient
solution). All data collected were analyzed using a statistical analysis system [35]. Analysis
of variance (ANOVA) was conducted, and significant differences among the treatments
were determined using Duncan multiple range test (DMRT) at p ≤ 0.05.
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3. Results
3.1. Growth Parameters
3.1.1. Plant Height

The performance of the lemon basil cultivated under different red and blue spectra
irradiance levels of LEDs and different electrical conductivities of the nutrient solution
are shown in Figure 1, which indicates that the growth pattern is well-fitted to the growth
function of y = A/(1 + be−cx). Plants grown under all treatments had no significant
differences in plant height at Day 3 until Day 18 after transplantation.

1 
 

 
  Figure 1. Plant height of lemon basil for a growing duration of 30 days under different LEDs and

nutrient solution ECs.

Meanwhile, on Day 21, the plant height of the lemon basil was affected by the red
and blue spectra irradiance levels of the LEDs and the EC of the nutrient solution, but no
interaction effect was observed between both. The interaction effects between the irradiance
levels and EC of nutrient solution were observed on Days 24 and 27 after transplant.
The plants raised on irradiance levels of 160 µmol m−2 s−1 and irrigated at an EC of
1.8 mS cm−1 and 2.6 mS cm−1 were higher in height compared to other treatments.

3.1.2. Canopy Diameter

The interactions on the effects of the red and blue spectra irradiance levels of the
LEDs and the nutrient solution electrical conductivity on the expansion of the canopy were
recorded. The interactions were revealed by the changes in canopy diameter of the plants
at all measurement dates. The canopy diameter of lemon basil grown under irradiance
levels of 160 µmol m−2 s−1 and irrigated with an EC of 2.6 mS cm−1 and 160 µmol m−2 s−1:
1.8 mS cm−1 were prominently wider than that of the plants grown under other treatments
(Figure 2).
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2 

 

Figure 2. Canopy diameter of lemon basil for 30 days growing duration under different LEDs and
nutrient solution ECs.

3.1.3. Number of Leaves

The leaves number of the lemon basil expanded exponentially resulting from the
function y = Aebx days after transplanting (Figure 3). The number of lemon basil leaves
cultivated on red and blue spectra irradiance levels of 160 µmol m−2 s−1 and irrigated with
an EC of 3.4 mS cm−1, 160 µmol m−2 s−1:2.6 mS cm−1 and 160 µmol m−2 s−1:1.8 mS cm−1

were higher compared to other treatments due to higher rates in the rise of leaf production.
The number of lemon basil leaves cultivated on irradiance levels of 160 µmol m−2 s−1 and
irrigated with an EC of 2.6 and 3.4 mS cm−1 were both were recorded at 180, while 1.8 mS
cm−1 was recorded at 160, with the other treatments in the range of 70 to 118.

3.2. Yield Parameters
3.2.1. Fresh Weight

Table 2 shows the fresh weight of the three plant parts: leaves, stem, and roots
of the lemon basil, as affected by LED irradiance levels and nutrient solution electrical
conductivity (EC). The fresh weight of the leaves, stem, and roots increased with increasing
irradiance levels and nutrient solution EC. Interaction effects were observed between
the irradiance levels and the EC of the nutrient solution on the fresh stem weight of the
lemon basil (Figure 4). However, there were significant differences for both treatments
on the leaves and roots. Plants cultivated at an irradiance level of 160 µmol m−2 s−1

produced a higher fresh weight for the leaves and roots. Plants supplemented with an EC
of 2.6 mS cm−1 also produced a higher fresh weight for both parts when compared with



Horticulturae 2023, 9, 416 7 of 18

other ECs. Plants grown under 160 µmol m−2 s−1 produced 60% and 55% higher leaf and
root fresh weights than those from 80 µmol m−2 s−1.

 

2 

 
Figure 3. Number of lemon basil leaves after 30 days growing duration under different LEDs and
nutrient solution ECs.

Table 2. Effects of LED irradiance levels and nutrient solution EC on the fresh weight (g) of three
different parts (leaves, stem, and roots) of lemon basil.

Factor Leaves Stem Roots

Irradiance levels of LEDs (µmol m−2 s−1)
80 15.90 b 6.19 b 4.82 b

160 25.44 a 12.45 a 7.47 a

EC of nutrient solution (mS cm−1)
1.0 16.75 c 7.04 c 4.60 c

1.8 21.14 b 10.21 b 5.862 b

2.6 23.77 a 11.84 a 8.72 a

3.4 21.02 b 8.21 c 5.40 b

Irradiance levels of LEDs *** *** ***
EC of nutrient solution *** *** ***
Irradiance levels of LEDs × EC of nutrient solution ns *** ns

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.

There is an interaction effect observed on the application of various LEDs and nutrient
solution ECs on fresh stem weight (Figure 4). The application of various nutrient solution
ECs at 80 µmol m−2 s−1 did not produce a significant difference in the stem weight of the
lemon basil. However, the fresh weight of the stem increased when the EC of the nutrient
solution increased at 160 µmol m−2 s−1. The highest fresh stem weight was observed
at irradiance levels of 160 µmol m−2 s−1 in combination with a nutrient solution EC of
2.6 mS cm−1. The application of a higher nutrient solution EC of 3.4 mS cm−1 decreased
the fresh weight of the lemon basil stem.
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3 

Figure 4. Interaction effect of LED irradiance levels and nutrient solution EC on fresh stem weight of
lemon basil.

3.2.2. Dry Weight

The consequences of LED irradiance levels and the nutrient solution EC on the dry
weight of lemon basil (leaves, stem, and roots) are shown in Table 3. The interaction effects
observed between the irradiance levels and the nutrient solution EC on the dry weight
of the three different parts of lemon basil are shown in Figure 5. An increase in nutrient
solution EC caused an increase in the dry weight of the leaves, stem, and roots at both LED
irradiance levels. However, further increases in nutrient solution EC up to 3.4 mS cm−1 at
160 µmol m−2 s−1 reduced the dry weight of all parts of the plants.

Table 3. Effects of LED irradiance levels and nutrient solution EC on the dry weight (g) of three
different parts (leaves, stem, and roots) of lemon basil.

Factor Leaves Stem Roots

Irradiance levels of LEDs (µmol m−2 s−1)
80 0.85 b 0.64 b 0.32 b

160 1.64 a 1.29 a 0.60 a

EC of nutrient solution (mS cm−1)
1.0 1.10 b 0.69 d 0.45
1.8 1.41 a 1.89 c 0.48
2.6 1.26 a,b 1.22 a 0.48
3.4 1.21 b 1.05 b 0.43

Irradiance levels of LEDs *** *** ***
EC of nutrient solution *** *** ns
Irradiance levels of LEDs × EC of nutrient solution *** *** ***

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.
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4 Figure 5. Interaction effect of LED irradiance levels and nutrient solution EC on the dry weight of the
leaves (a), stems (b), and roots (c) of lemon basil.
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The highest dry weight of the leaves was observed at 160 µmol m−2 s−1 in combination
with 1.8 and 2.6 mS cm−1 with 1.97 and 1.79 g (Figure 5a), respectively; the dry weight of
the stems at 160 µmol m−2 s−1 with 2.6 mS cm−1 was 1.82 g (Figure 5b), and the dry weight
of the roots at 160 µmol m−2 s−1 in combination with 1.0, 1.8, and 2.6 mS cm−1 produced
0.65, 0.66, and 0.63 g (Figure 5c), respectively. In contrast, the lowest dry weight of all parts
was observed at LED irradiance levels of 80 µmol m−2 s−1 and in combination with all EC
levels except for 3.4 mS cm−1.

3.2.3. Leaf Area

Table 4 illustrates the effects of red and blue spectra irradiance levels of LEDs and the
nutrient solution ECs on leaf area in lemon basil. No interaction was observed between
the irradiance levels and nutrient solution EC, but there were significant differences in
both of the main effects. The leaf area of lemon basil grown under an irradiance level of
160 µmol m−2 s−1 was significantly (p < 0.001) the highest with 1020.62 cm2/plant, which
is 65% higher than 80 µmol m−2 s−1. In addition, the lemon basil irrigated with a nutrient
solution EC of 1.8 mS cm−1 also produced a greater leaf area (p < 0.001) compared with
other EC levels with 943.23 cm2/plant.

Table 4. Effects of LED irradiance levels and nutrient solution EC on leaf area (cm2/plant) in
lemon basil.

Factor Leaf Area

Irradiance levels of LEDs (µmol m−2 s−1)
80 617.14 b

160 1020.62 a

EC of nutrient solution (mS cm−1)
1.0 772.84 b

1.8 943.23 a

2.6 831.26 b

3.4 848.19 b

Irradiance levels of LEDs ***
EC of nutrient solution ***
Irradiance levels of LEDs × EC of nutrient solution ns

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.

3.3. Phytochemical Contents
3.3.1. Ascorbic Acid

Table 5 shows the ascorbic acid contents of the lemon basil grown under varying LED
red and blue spectra irradiance levels and nutrient solution ECs. Significant interactions
were not observed between the irradiance levels and the nutrient solution EC on the
ascorbic acid contents in lemon basil. However, the ascorbic acid contents in the lemon
basil grown under LED red and blue spectra irradiance levels at 160 µmol m−2 s−1 were
significantly higher than those obtained at 80 µmol m−2 s−1. In addition, the lemon basil
fertilized with an EC of 2.6 mS cm−1 was also higher in ascorbic acid contents than with
other ECs. The lowest contents were observed at 1.0 (67.43 mg 100−1 g FW).

3.3.2. Total Phenolic Content

Table 5 shows the lemon basil’s TPC as affected by LED red and blue spectra irradi-
ance levels and nutrient solution EC. The interaction between the irradiance levels and
the solution EC significantly influenced TPC (Figure 6). Increasing nutrient solution EC
increased the TPC at both irradiance levels of 80 and 160 µmol m−2 s−1. Plants grown
at irradiance levels of 160 µmol m−2 s−1 in combination with a nutrient solution EC of
2.6 mS cm−1 significantly increased in TPC compared to other levels with 1440.62 mg
GAE 100 g−1 DW (Figure 6), and the lowest was observed at an irradiance level of
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80 µmol m−2 s−1 and in combination with an EC level of 1.0 mS cm−1 at 491.56 mg
GAE 100 g−1 DW. However, there was no difference with 160 µmol m−2 s−1:3.4 mS cm−1.

Table 5. Effects of LED irradiance levels and nutrient solution EC on ascorbic acid, total phenolic,
and total flavonoid contents in lemon basil.

Factor Ascorbic Acid (mg 100 g−1 FW) Total Phenolic Content (mg GAE
100 g−1 DW)

Total Flavonoid Content (mg QE
100 g−1 DW)

Irradiance levels of LEDs (µmol
m−2 s−1)
80 72.82 b 620.30 b 907.87 b

160 77.59 a 1346.28 a 982.72 a

EC of nutrient solution (mS cm−1)
1.0 67.43 c 866.27 b 907.34 b,c

1.8 68.54 c 995.49 a 966.63 a,b

2.6 88.37 a 1039.30 a 1022.52 a

3.4 76.48 b 1032.10 a 884.98 b,c

Irradiance levels of LEDs *** *** **
EC of nutrient solution *** *** ***
Irradiance levels of LEDs × EC of
nutrient solution ns * ***

*** significant at p < 0.001 probability level, ** significant at p < 0.01 probability level, * significant at p < 0.05
probability level, ns = not significant. Means in each column with different letters within each factor indicate
significant differences at p ≤ 0.05 level according to DMRT.

 

5 

Figure 6. Interaction effect of LED irradiance levels and nutrient solution EC on total phenolic content
of lemon basil.
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3.3.3. Total Flavonoid Content

The total flavonoid content (TFC) of lemon basil was significantly affected by the LED
red and blue spectra irradiance levels and the nutrient solution EC, and there is interaction
between both (Table 5 and Figure 7). TFC decreased with increasing nutrient solution EC at
80 µmol m−2 s−1. While at 160 µmol m−2 s−1, increasing the nutrient solution EC up to
2.6 mS cm−1 increased TFC. A further increase to 3.4 mS cm−1 degraded the flavonoid
content. The highest TFC was observed at 160 µmol m−2 s−1 irradiance supplemented
with an EC of 2.6 mS cm−1 with 1148.79 mg quercetin equivalent 100 g−1 DW.

 

5 
Figure 7. Interaction effect of LED irradiance levels and nutrient solution EC on total flavonoid
content of lemon basil.

3.4. Individual Phenolic Compound

Table 6 shows the effects of the LEDs and EC on the concentrations of the prominent
individual phenolic compounds (caftaric, rosmarinic, chicoric, and gentisic acid) of lemon
basil. The interaction effects between the LED irradiance levels and nutrient solution EC
on caftaric acid (Figure 8) and rosmarinic acid (Figure 9) were significantly different. In
contrast, no interaction or significant differences were observed in either of the main effects
on lemon basil’s chicoric and gentisic acid concentrations.
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Table 6. Effects of LED irradiance levels and nutrient solution EC on the concentration of the
individual phenolic compounds of lemon basil.

Factor Caftaric Acid
(mg 100 g−1 DW)

Rosmarinic Acid
(mg 100 g−1 DW)

Chicoric Acid
(mg 100 g−1 DW)

Gentisic Acid
(mg 100 g−1 DW)

Irradiance levels of
LEDs (µmol m−2 s−1)
80 2341.30 36.44 b 23.27 2.96
160 2205.70 45.41 a 23.31 3.14

EC of nutrient solution
(mS cm−1)
1.0 2167.90 b 32.03 b 23.40 2.35
1.8 2157.70 b 35.83 b 23.30 2.60
2.6 2677.10 a 45.28 a 23.36 4.08
3.4 2091.20 b 50.58 a 23.09 3.17

Irradiance levels of
LEDs ns ** ns ns

EC of nutrient solution ** *** ns ns
Irradiance levels of
LEDs × EC of nutrient
solution

*** ** ns ns

*** significant at p < 0.001 probability level, ** significant at p < 0.01 probability level, ns = not significant. Means
in each column with different letters within each factor indicate significant differences at p≤ 0.05 level according
to DMRT.
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Figure 8. Interaction effect of LED irradiance levels and nutrient solution EC on caftaric acid in
lemon basil.
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Figure 9. Interaction effect of LED irradiance levels and nutrient solution EC on rosmarinic acid in
lemon basil.

The caftaric acid concentration increased with increasing nutrient solution EC at
80 µmol m−2 s−1, whereas it fluctuated at 160 µmol m−2 s−1 with rising nutrient solu-
tion EC. The highest caftaric acid concentration was observed at an irradiance level of
160 µmol m−2 s−1 in combination with 2.6 mS cm−1 EC when compared to other combina-
tions but had no differences with 80 µmol m−2 s−1:2.6 mS cm−1, 80 µmol m−2 s−1:1.8 mS
cm−1, and 160 µmol m−2 s−1:1.0 mS cm−1. In contrast, the lowest caftaric acid was recorded
at an LED irradiance level of s at 160 µmol m−2 s−1 supplied with a nutrient solution EC of
3.4 mS cm−1, but this had no differences at 80 µmol m−2 s−1:1.0 mS cm−1.

For rosmarinic acid, significant differences were not examined at 80 µmol m−2 s−1

with increasing nutrient solution EC, whereas rosmarinic acid concentration was elevated
with increasing nutrient solution EC at 160 µmol m−2 s−1. The highest concentration was
observed at 160 µmol m−2 s−1 in combination with a nutrient solution EC of 3.4 mS cm−1,
though the lowest was at 80 µmol m−2 s−1:1.0 mS cm−1.

4. Discussion
4.1. Plant Growth Performance

The present study reveals that the growth parameters of lemon basil
(Ocimum citriodorum Vis.) were strongly influenced by LED red and blue spectra irra-
diance levels and nutrient solution EC. The growth parameters, such as plant height,
canopy diameter, and the number of leaves, showed significant effects between the differ-
ent treatments regarding the levels of LED irradiance and the EC of the nutrient solution.
Plants cultivated at an irradiance level of 160 µmol m−2 s−1 and supplemented with an
EC of 2.6 mS cm−1 produced optimum growth performance compared to other treatments.
A previous study by Morano et al. [36] stated that a nutrient solution EC of 2.8 mS cm−1



Horticulturae 2023, 9, 416 15 of 18

in the shortest crop cycle increased basil yield (whole plants and leaves), while an EC of
2.2 mS cm−1 exhibited the worst performance.

4.2. Yield Production

Leafy herbs, such as basil, are very popular crops among farmers because they are
easy to grow, have a high yield index, are suitable for hydroponic and closed farming, and
simultaneously have a high margin for profitability [37]. Considering our results, LED
irradiance levels and nutrient solution EC significantly affected the yield production of
both the fresh and dry products (Tables 2 and 3). Increases in yield for the fresh and dry
weight were optimized by the appliance of LED irradiance levels of 160 µmol m−2 s−1

in combination with an EC of 2.6 mS cm−1. However, the fresh and dry weights were
severely inhibited at irradiance levels of 80 µmol m−2 s−1 supplemented at all nutrient
solution ECs. Nemali and van Iersel [38] found similar results, reporting on the interaction
effect of fertilizer concentration and photosynthetic photon flux (PPF) on the dry weight
of petunia and wax begonia plants. The dry mass of the fertilized plants was higher for
those plants grown at higher irradiance levels (268 µmol m−2 s−1) when compared to those
grown at low irradiance levels (113 µmol m−2 s−1). In addition to the irradiance level
treatments employed, the optimal range of nutrient concentration for dry mass varied
from 0.65 to 2.0 mS cm−1 (wax begonia) and 1.18 to >2.77 mS cm−1 (petunia). In addition,
no interaction was observed between the LED irradiance levels and EC on the leaf area
of lemon basil. However, there were significant effects observed for both parameters on
leaf area in lemon basil. Lemon basil cultivated under 160 µmol m−2 s−1 and irrigated at
1.8 mS cm−1 produced a higher leaf area.

4.3. Phytochemical Contents

The interaction between the LED red and blue spectra irradiance levels and nutrient
solution EC did not significantly influence the ascorbic acid contents of lemon basil. How-
ever, the main effects of the LED irradiance levels and nutrient solution EC were significant.
According to Fraszczak et al. [39], the amount of ascorbic acid can vary according to light
conditions. The current study is in concurrence with this statement. It was observed that
the ascorbic acid contents of lemon basil were significantly higher when grown at higher
irradiance levels of 160 µmol m−2 s−1 than at lower irradiance levels of 80 µmol m−2 s−1.
The study by Ohashi-Kaneko et al. [40] and Fraszczak et al. [39] also revealed that plants cul-
tivated under red and blue light saw significant increases in the content of ascorbic acid. In
addition, Lee et al. [41] discovered that plant tissues would accumulate more ascorbic acid
content when irradiated with high light intensity. The high light intensity would strengthen
the plants so as to acquire greater photosynthesis, which would relocate more assimilation
products for growth and metabolism. According to Ding et al. [42], the ascorbic acid of
pak choi plants showed an increasing trend of up to 2.4 mS cm−1 but did not significantly
increase over this nutrient concentration level. This divergence between different vegetable
crops may be due to the differences in growth habitats and growing conditions.

The effect of LED irradiance levels on TPC and TFC varied depending on the nutrient
solution EC (Figures 6 and 7). Increasing nutrient solution EC increased TPC and TFC at
both irradiance levels of 80 and 160 µmol m−2 s−1. Higher TPC and TFC were observed
at irradiance levels of 160 µmol m−2 s−1 in combination with s nutrient solution EC of
2.6 mS cm−1. It was revealed that LED red and blue spectra irradiance levels and nutrient
solution EC influenced the accumulations of phenolic and flavonoid contents in lemon
basil. The previous study by Son et al. [43] showed that blue LEDs could significantly
increase the accumulation of phenolic compounds in plants. The phenolic compound
content was similar between the control and white LEDs treatments in red curled lettuce,
but the white LEDs accelerated the accumulation of phenolic compounds in green curled
lettuce. Few studies have concluded that red light can stimulate an increase in phenolics in
plants [39,44,45]. Although the mechanism is still unknown, one assumption is that red
light increases the cytokinin level and thus stimulates the synthesis of phenolics [46]. A
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previous study by Kiferle et al. [47] stated that a lower amount of fertilizer had a significant
effect on the accumulation of rosmarinic acid. In contrast, our results showed that basil
fertilized at a higher nutrient solution EC accumulated significantly more rosmarinic acid
compared to other ECs (Table 6).

5. Conclusions

An LED irradiance level of 160 µmol m−2 s−1 in combination with a nutrient solution
EC of 2.6 mS cm−1 produced higher plant growth performance in terms of plant height,
canopy diameter, the number of leaves, higher fresh and dry yield production, and higher
phytochemical contents, such as total phenolic and total flavonoid content, along with
caftaric acid concentration. The present study’s findings have improved the comprehension
of the effects of LED red and blue spectra irradiance levels and nutrient solution EC and
its interaction on lemon basil plants that are cultivated on a vertical structure by using the
hydroponic system in a controlled environment facility.
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