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Abstract: Different light qualities affect plant growth and physiological responses, including stomatal
openings. However, most researchers have focused on stomatal responses to red and blue light
only, and the direct measurement of evapotranspiration has not been examined. Therefore, we
quantified the evapotranspiration of sweet basil under various red (R), green (G), and blue (B)
combinations using light-emitting diodes (LEDs) and investigated its stomatal responses. Seedlings
were subjected to five different spectral treatments for two weeks at a photosynthetic photon flux
density of 200 µmol m−2 s−1. The ratios of the RGB light intensities were as follows: R 100% (R100),
R:G = 75:25 (R75G25), R:B = 75:25 (R75B25), R:G:B = 60:20:20 (R60G20B20), and R:G:B = 31:42:27
(R31G42B27). During the experiment, the evapotranspiration of the plants was measured using load
cells. Although there were no significant differences in growth parameters among the treatments, the
photosynthetic rate and stomatal conductance were higher in plants grown under blue LEDs (R75B25,
R60G20B20, and R31G42B27) than in the R100 treatment. The amount of water used was different
among the treatments (663.5, 726.5, 728.7, 778.0, and 782.1 mL for the R100, R75G25, R60G20B20, R75B25,
and R31G42B27 treatments, respectively). The stomatal density was correlated with the blue light
intensity (p = 0.0024) and with the combined intensity of green and blue light (p = 0.0029); therefore,
green light was considered to promote the stomatal development of plants together with blue light.
Overall, different light qualities affected the water use of plants by regulating stomatal conductance,
including changes in stomatal density.

Keywords: evapotranspiration; stomatal density; green light; Ocimum basilicum; load cell; con-
trolled environment

1. Introduction

Indoor farming has emerged as a new form of agriculture for the future [1]; there-
fore, considerable effort has been made to understand plant physiology to enhance the
productivity of plant production by correctly controlling their growth environment. Arti-
ficial light sources have been developed to replace sunlight to grow plants in controlled
environmental production systems, and many studies have been conducted to promote
the efficiency of the artificial light source and effectively use it for plant production [2,3].
Concurrently, researchers have also aimed to enhance resource use efficiency, including
water use efficiency, in indoor farming for sustainable development [4,5].

Plants are greatly affected by light environmental factors, including intensity, direction,
wavelength, and light duration. Among these, the study of light quality has been acceler-
ated by the development of light-emitting diode (LED) technology, which is one of the most
predominant artificial light sources for plant production [6]. LEDs have many advantages,
including small size, durability, low energy consumption, low heat emission, and longevity
compared to conventional light sources. LEDs can also provide a specific light spectrum;
thus, they are appropriate for studying the effect of light quality on plant behaviors for
observing the response of plants to a target wavelength without the interference of other
wavelength ranges, and various combinations of light wavelengths can be applied [7].
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Previous studies using LEDs revealed that light quality affects the diverse responses of
plants including physiological activities, growth, and morphology in various species [8–10].
Most previous studies used red light, which was considered the primary wavelength
required for plant growth; however, the role of blue light started being highlighted, as
the engagement of blue light in various plant physiological processes was revealed by
researchers [11]. The addition of blue light to the background of red light enhanced
the photosynthetic rate and increased the biomass production of plants compared to
irradiating plants with red light alone [12,13]. The effect of green light has also been
studied together with red and blue light. According to the studies conducted to date, green
light induces shade avoidance in plants and promotes the vegetative growth of plants by
deeply penetrating the plant canopy and increasing the photosynthesis of leaves in the
lower canopy [14,15].

Light quality also affects the stomatal responses of plants. Sharkey and Raschke [16]
reported that red and blue light together act on stomatal opening; however, blue light opens
stomata more effectively than red light. Blue light increased the stomatal conductance of
plants by increasing both the stomatal aperture and stomatal density of plants compared
to red light [17–19]. Green light exerted only a slight influence on stomatal opening when
provided as monochromatic light; however, the adverse effect of green light on the stomatal
opening induced by blue light was reported by Frechilla et al. [20]. Changes in the stomatal
response could consequently affect the water use of plants as well as their photosynthesis.
Pennisi et al. [21] conducted an experiment to compare the resource use efficiency of
plants grown under various red:blue ratios and assessed their water use and stomatal
conductance. The amount of water used by plants was determined by the remaining
volume of nutrient solution in individual hydroponic systems at harvest. The water usage
increased slightly as the proportion of red light to blue light increased, contrary to the result
of stomatal conductance, which was due to the increased plant sizes with the increasing
red light intensity. However, the effect of the stomatal response on the water use of plants
was not evaluated, and the amount of water used by plants was not precisely quantified.

Although the stomatal response to light quality has been studied by many researchers,
previous studies have only measured a part of the range of parameters that show the
stomatal response, and the direct measurement of evapotranspiration under different light
quality conditions has not yet been examined. Furthermore, there is limited information
regarding the effect of green light on plant responses because most previous studies have
focused on red and blue light. Therefore, the objective of the present study was to monitor
and quantify the water use of sweet basil grown under various red (R), green (G), and blue
(B) (RGB) combinations by measuring the evapotranspiration of plants using load cells and
investigating the overall growth, photosynthetic parameters, and stomatal development to
identify the factors that contribute to the different water usage of plants.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

The experiment was conducted at Korea University, Seoul, Korea, from 9 June to
30 July 2020. In a glass greenhouse, sweet basil seeds (Ocimum basilicum L., Asia Seed Co.,
Seoul, Korea) were sown in 128-cell plug trays with a germinating substrate containing
sphagnum peat moss, perlite, dolomite lime, and wetting agent (Sunshine Mix #5; Sun
Gro Horticulture, Agawam, MA, USA). After 3 weeks, the seedlings were transplanted
into 10-cm round plastic pots using a soilless substrate with a similar composition to a
germinating substrate (Sunshine Mix #4; Sun Gro Horticulture) and controlled-release
fertilizer (Multicote 6; NPK 14-14-14, Haifa Chemicals, Israel) was incorporated into the
pots at a rate of 4 g L−1. Two weeks after transplanting, all the plants were transferred to
an environmentally controlled plant growth chamber for an acclimation period of a week.
One day before the treatment, 45 plants at similar growth stages were selected and used for
the experiment. During the experiment, the plants were fully irrigated to saturation every
alternate day. The average hourly temperature, relative humidity, and CO2 concentration
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were 25.0 ± 0.4 ◦C, 62.8 ± 9.7%, and 582 ± 142 µmol mol−1 (mean ± SD), respectively,
during the experiment.

2.2. Light Treatments

The plants were irradiated with five different spectra during the experiment, and
the ratios of the R, G, and B light intensities were as follows: R light 100% (R100), R:G = 75:25
(R75G25), R:B = 75:25 (R75B25), R:G:B = 60:20:20 (R60G20B20), and R:G:B = 31:42:27 (R31G42B27)
(Figure 1). The R31G42B27 treatment mimicked the sunlight spectrum measured in the exper-
imental greenhouse at noon. To provide the specific light quality treatments, a customized
LED dimming system equipped with six LED bars each consisting of red (600–700 nm,
peak = 664 nm), green (485–600 nm, peak = 524 nm), and blue (400–485 nm, peak = 451 nm)
LED chips (ESLEDs, Seoul, Korea) was used. Each R, G, and B diode was controlled to
provide the target RGB ratios, and the ratios were confirmed using a spectroradiometer
(SS-110; Apogee Instruments, Logan, UT, USA). During the acclimation period, the plants
were grown under the R31G42B27 LEDs. All the treatments delivered a photosynthetic
photon flux density (PPFD) of 200 µmol m−2 s−1 at the plant canopy for 16 h d−1. To
maintain the same light intensity at the plant canopy as the plants grew, we readjusted the
LED lights every 3 days using a spectroradiometer and quantum sensor (MQ-500; Apogee
Instruments).
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Figure 1. Spectral distributions of the five light quality treatments delivered by red [R (600–700 nm), peak = 664 nm], green
[G (485–600 nm), peak = 524 nm], and blue [B (400–485 nm), peak = 451 nm] light-emitting diodes. The numbers after each
waveband indicate the ratios of the intensities. The R31G42B27 treatment mimics the sunlight spectrum measured in the
experimental greenhouse.

2.3. Evapotranspiration Measurements

To measure the evapotranspiration of the plants, 15 individually calibrated load
cells (BCL-1L; CAS Scale Korea, Seoul, Korea) (Figure 2) were connected to a data logger
(CR1000; Campbell Scientific, Logan, UT, USA) via a multiplexer (AM 16/32B; Campbell
Scientific). One pot per experimental unit was mounted on the load cell, and the weight
of the pot was measured every 10 s. Their average value was recorded every 30 min. The
change in pot weight (∆weight) was calculated by subtracting the current 30-min average
weight from the previous 30-min average weight, and the daily evapotranspiration of
plants was determined based on the ∆weight data of that day. The weight change during
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the irrigation event was corrected. The plants on the load cells were harvested on the last
day of the experiment.
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2.4. Photosynthetic Parameters and Growth Measurements

To measure the physiological changes in the plants over 2 weeks, photosynthetic and
growth parameters were measured on weekly basis. One plant from each experimental
unit was used for weekly harvest at 0, 7, and 14 days after treatment (DAT). The canopy
leaf temperature was measured at the position where the plants were grown using an
infrared thermometer. The photosynthetic rate and stomatal conductance were measured
on the uppermost, fully expanded leaves using a portable photosynthesis system (CIRAS-3;
PP Systems, Amesbury, MA, USA) with similar conditions to the growth chamber. On
the same leaves, the maximum quantum yield of PSII (Fv/Fm) was measured using a
chlorophyll fluorometer (Junior PAM; Heinz Walz GmbH, Effeltrich, Germany) after dark
acclimation for 20 min. To assess plant growth, the chlorophyll content (SPAD), shoot
fresh/dry weight, root fresh/dry weight, and leaf area were measured. The SPAD value
was determined using a SPAD meter (SPAD-502; Minolta Corporation Ltd., Osaka, Japan).
The dry weights of the shoots and roots were measured after drying the samples at 80 ◦C
for a week in a drying oven. The leaf area was measured using a leaf area meter (LI-3100;
LI-COR, Lincoln, NE, USA).

2.5. Stomatal Analysis

To assess the stomatal density and size, imprints from the abaxial surface of the
uppermost, fully expanded leaves were taken. Transparent nail polish was applied to the
abaxial surface of the tips of the attached leaves and transferred to microscope slides using
clear tape [22]. One imprint per leaf was made. Images of the stomata were captured using
a light microscope (CX31; Olympus Inc., Tokyo, Japan) equipped with a digital camera
(YJO-301; Daemyung Optical, Seoul, Korea) and analyzed using ImageJ software (version
1.53a; National Institutes of Health, Bethesda, MD, USA). To determine the stomatal density,
five photographs spanning an area of 0.2 mm2 were taken at different locations from each
imprint. All stomata in the images were counted, and the average stomatal density of five
images was expressed as the number of stomata over 1 mm2. Stomata size was measured
by randomly taking 30 images of stomata from each imprint, and their guard cell length,
guard cell width, and pore length were measured.

2.6. Experimental Design and Statistical Analysis

The experiment was designed as a randomized complete block design with five
treatments and three blocks, and there were three plants in each experimental unit. The
parameters among the treatments were analyzed by analysis of variance (ANOVA) followed
by Duncan’s multiple range test when there was a significant difference at p < 0.05, using
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statistical analysis software (SAS 9.4; SAS Institute, Cary, NC, USA). The effect of the LED
light on stomatal conductance and density and the relationship between stomatal density
and conductance were analyzed via regression analysis using SigmaPlot (SigmaPlot 11.0;
Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion
3.1. Overall Growth and Physiological Responses

Sweet basil grown under different light spectra for 2 weeks showed no significant
differences in canopy leaf temperature, chlorophyll content, and general growth parameters,
including shoot fresh/dry weight, root fresh/dry weight, and leaf area (Table 1). Although
previous studies indicated a significant influence of light quality on plant growth [21,23],
our results showed that 2 weeks of light quality treatments did not significantly alter the
additional growth of sweet basil grown under the same PPFD. This inconsistent result in
the present study was likely due to the growth stages of the plants when the treatment
was initiated and the treatment period. Most previous light quality experiments were
conducted using young plants; therefore, the plants were exposed to specific light treatment
from the early stages of growth until they were almost fully grown, thereby affecting the
overall growth of the plants. However, the present study was conducted using 6-week-old
sweet basil plants that had already reached a certain size and continued for only 2 weeks
to minimize the variation in growth among the plants and compare the water use of plants
under similar growth conditions.

Table 1. Canopy leaf temperature, chlorophyll content, and growth parameters of Ocimum basilicum measured at 0, 7, and
14 days after the treatment (DAT). Plants were grown under five different combinations of red, green, and blue LEDs with
the same light intensity for 14 days. The numbers after each waveband indicate the ratios of the intensities. The R31G42B27

treatment mimics the sunlight spectrum measured in the experimental greenhouse.

Growth
Parameters DAT

Treatment
Significance

R100 R75G25 R75B25 R60G20B20 R31G42B27

Canopy leaf temperature (◦C)
0 23.7 23.8 24.0 23.9 23.7 NS
7 23.6 24.1 23.6 23.4 23.8 NS

14 24.8 24.5 24.2 24.5 24.5 NS

Chlorophyll content (SPAD)
0 33.3 34.6 34.3 33.3 32.8 NS
7 37.2 38.2 37.8 37.6 37.9 NS

14 38.0 36.1 36.3 37.0 35.5 NS

Shoot fresh weight (g)
0 6.2 6.9 6.9 6.8 7.0 NS
7 14.0 14.5 14.2 14.2 14.3 NS

14 20.0 20.8 19.6 18.3 18.0 NS

Shoot dry weight (g)
0 0.47 0.53 0.52 0.51 0.52 NS
7 1.19 1.25 1.23 1.17 1.21 NS

14 1.86 1.96 1.93 1.83 1.90 NS

Root fresh weight (g)
0 1.05 0.93 1.05 1.12 1.28 NS
7 3.17 2.77 2.98 3.38 2.90 NS

14 5.91 4.57 4.92 4.61 5.28 NS

Root dry weight (g)
0 0.07 0.06 0.07 0.08 0.08 NS
7 0.22 0.19 0.22 0.23 0.19 NS

14 0.45 0.35 0.42 0.39 0.47 NS

Leaf area (cm2)
0 228 241 249 246 251 NS
7 462 493 479 481 474 NS
14 649 695 638 589 602 NS

NS indicates non-significance at p < 0.05 (n = 3).
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In contrast, the light quality treatments induced significant differences in the photo-
synthetic rate and stomatal conductance among the treatments from 7DAT (Figure 3A,B).
The photosynthetic rate and stomatal conductance were higher in plants grown under
LEDs with blue light (R75B25, R60G20B20, and R31G42B27) than under the R100 treatment,
regardless of the presence of green light. These results showed that the photosynthetic rate
and stomatal conductance of plants increased when the plants were irradiated with blue
light, with similar results reported in previous studies [19,24,25]. The positive correlation
of stomatal conductance with blue light intensity is also displayed in Figure 4 (p = 0.0015),
clearly suggesting that stomatal conductance increased with increasing blue light intensity.
The Fv/Fm value of the R75G25 treatment sharply decreased at 14DAT, resulting in the
lowest Fv/Fm value among the treatments (Figure 3C). The R75B25 treatment showed the
highest Fv/Fm value among the treatments, and the other treatments displayed similar
Fv/Fm values.
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the same letter are not significantly different. Error bars indicate the standard error (n = 3).
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Red and blue light are known to regulate stomatal opening in distinct ways that
include the photosynthetic-active radiation-dependent pathway, which occurs via the
guard cell response to reduced intercellular CO2 concentrations and is stimulated mostly
by red light, and the blue light-specific pathway, which is activated by blue light [26–28].
They act additively on stomatal opening, with blue light reported to mediate stomatal
opening at nearly a 10 times lower intensity than red light [16], thus playing a primary
role in regulating the stomatal aperture. An increased stomatal aperture leads to elevated
stomatal conductance, which represents the capacity of carbon uptake through the stomata,
resulting in a high photosynthetic rate of the plants. Correspondingly, the R100 treatment
showed a lower photosynthetic rate than the other treatments throughout the experiment,
most likely due to the lower stomatal conductance caused by the absence of blue light.

The photosynthetic rates of the R31G42B27 and R75G25 treatments also gradually de-
creased during the experimental period, despite the fact that they showed similar stomatal
conductance to the R75B25 and R60G20B20 treatments. The R31G42B27 treatment had the
lowest proportion of red and blue light (58% of the total light intensity); it thus displayed a
lower photosynthetic rate than the R75B25 and R60G20B20 treatments with higher red and
blue light proportions. As red and blue light is more highly absorbed by leaves than green
light [29], it is assumed that plants grown under the R31G42B27 treatment received less
photosynthetically available light than the other treatments. The decreased photosynthetic
rate of the R75G25 treatment was possibly associated with the low Fv/Fm value, indicating
the dysfunction of the photosynthetic apparatus of the R75G25 treatment. Previous studies
have suggested that blue light contributes to maintaining the normal function of PSII by
boosting the repair rate of PSII; therefore, the Fv/Fm value of plants could decrease if blue
light is absent in the growth light [30,31]. However, in the present study, only the Fv/Fm
value of the R75G25 treatment, but not that of the R100 treatment, decreased. The Fv/Fm
value usually increases with decreasing light intensity; however, a previous study reported
that considerably low light intensity (100 µmol m−2 s−1) could induce a lower Fv/Fm
value than intermediate light intensity (200 and 400 µmol m−2 s−1) [32]. Considering
that the spectral absorptance and relative quantum efficiency are lower for green light
than for red light [29,33], the number of quanta absorbed by the plants and the efficiency
of photosynthesis of the quanta could have affected the operation of the photosynthetic
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system of the plants together with the presence of blue light, causing the lowest Fv/Fm
value in the R75G25 treatment.

Green light reverses the stomatal opening induced by blue light in several species, and
the reversal of opening is proportional to the B:G ratio [20,34]. Bouly et al. [35] suggested
that green light deactivates blue-light-absorbing cryptochrome photoreceptors. However,
in the present study, the stomatal conductance values of the R60G20B20 and R31G42B27
treatments, which had 20% and 42% of green light, respectively, were not significantly
different from those of the R75B25 treatment (Figure 3B), indicating that the adverse effect
of green light on blue light-induced stomatal opening did not appear in sweet basil.
Furthermore, the R75G25 treatment showed similar stomatal conductance to the R60G20B20
and R31G42B27 treatments, which contained blue light throughout the experimental period,
and it was not lower than that of the R75B25 treatment until 7DAT. Thus, although blue light
has a pivotal impact on stomatal opening, green light also slightly enhances the stomatal
aperture in comparison with red light.

Our results were somewhat different from those of previous studies that showed a
clear adverse effect of green to blue light on stomatal opening [34,36,37]. This incoherence
might be because the experimental approach and plant species were different between these
studies and the present study. Talbott et al. [34] used optical filters to provide the specific
light treatments and measured the stomatal aperture on detached epidermal strips of leaves
after a few hours of light treatment, and Kim et al. [36] used a broad-spectrum fluorescent
lamp for green light treatment and measured the stomatal conductance of plants in the
morning. The light duration treatment and measurement time of stomatal conductance
could be the factors that resulted in different results. According to Talbott et al. [38],
the reversal of blue light-induced stomatal opening by green light only occurred in the
morning and not in the afternoon, which was possibly due to the changing phases of
guard cell osmoregulation over the course of a day. Guard cell osmoregulation shifts from
potassium accumulation-dependent in the morning to sucrose accumulation-dependent in
the afternoon, which indicates that stomatal opening is regulated by different mechanisms
over time [39].

Overall, the measurement of the growth and photosynthetic parameters indicated that
the plants displayed similar growth; however, their photosynthetic rates were different
due to the different stomatal conductance based on the irradiated light quality. There-
fore, the water usage of plants could be explained by their stomatal responses, without
considering the size of the plants or the canopy leaf temperatures, which can affect the
evapotranspiration rate on the leaf surface.

3.2. Effect of Light Quality on the Water Use of Basil Plants

The daily evapotranspiration of sweet basil was measured using load cells for two
weeks, and the measured values are shown in Figure 5. The daily evapotranspiration of the
plants gradually increased as they grew, regardless of the treatments. Overall, the amount
of daily evapotranspiration was higher in the R75B25, R60G20B20, R31G42B27, and R75G25
treatments than in the R100 treatment. A difference in evapotranspiration amount among
the treatments was detected at 1DAT (p = 0.0159) (Figure 5). Although plant size is the
most important factor that determines the water use of plants [40], there was no significant
difference in plant size among the treatments in the present study (Table 1). Therefore, the
water use of the plants was mostly influenced by the extent of the stomatal aperture at
the beginning of the experiment, which is an immediate response of plants to light quality.
Rapid changes in stomatal opening under different light qualities have been reported in a
previous study [20].
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A difference in water use between the R100 treatment and the other treatments, which
contained green or blue light, was observed and became more evident in the second week
than in the first week (Figures 5 and 6). During the first week, the amount of water used by
the R100 and R75G25 treatments was significantly lower than that in the R31G42B27 treatment
(Figure 6). However, during the second week, water use in the R75G25 treatment caught
up with that in the R31G42B27 treatment, and only the R100 treatment displayed a smaller
amount of water use than the other treatments. This was because green light increased
the stomatal conductance of plants compared to red light, playing a similar role to that of
blue light in the R75G25 treatment. Therefore, the total amount of water used by the plants
was higher in the R75G25, R75B25, R60G20B20, and R31G42B27 treatments than in the R100
treatment (663.5, 726.5, 728.7, 778.0, and 782.1 mL of water per pot for the R100, R75G25,
R60G20B20, R75B25, and R31G42B27 treatments, respectively), during the entire experimental
period. The difference between the highest and lowest amounts was 118.6 mL. Our results
showed that the stomatal response of plants led to different water usage by the plants
depending on the quality of the irradiated light.

There has been considerable effort to promote the water use efficiency of indoor plant
production systems. Our results showed that light quality could be one of the ways to
regulate the water usage of plants during production. In the present study, the water
usage of plants was assessed for only two weeks; therefore, the difference among the
treatments was not large. However, if we look at growing plants with very limited water
resources (i.e., aerospace) [41], the light quality will considerably affect the amount of
water required for plant production. Based on our results, further experiments could
be conducted to investigate whether the plants would maintain normal photosynthetic
activities with relatively low water use if they are grown under only red light with high
CO2 concentrations, which is enough to compensate for their low stomatal conductance.
If so, growing plants at a high CO2 concentration under light conditions that lower the
stomatal aperture of the plants could be a way of reducing water consumption in indoor
plant cultivation.



Agronomy 2021, 11, 303 10 of 15

Agronomy 2021, 11, x  10 of 15 
 

 

 
Figure 6. Total amount of water used by Ocimum basilicum grown under five different combina-
tions of red, green, and blue LEDs with the same light intensity for 14 days. The numbers after 
each waveband indicate the ratios of the intensities. The R31G42B27 treatment mimics the sunlight 
spectrum measured in the experimental greenhouse. Values shown represent the total water usage 
of the first week, second week, and the entire experimental period. Pot weights were measured 
using load cells, and the decrease in weight recorded every 30 min was used to calculate the 
amount of water used. Mean separation followed analysis of variance (ANOVA) with Duncan’s 
multiple range test at α = 0.05. Means with the same letter are not significantly different. Error bars 
indicate the standard error (n = 3). 

There has been considerable effort to promote the water use efficiency of indoor plant 
production systems. Our results showed that light quality could be one of the ways to 
regulate the water usage of plants during production. In the present study, the water us-
age of plants was assessed for only two weeks; therefore, the difference among the treat-
ments was not large. However, if we look at growing plants with very limited water re-
sources (i.e., aerospace) [41], the light quality will considerably affect the amount of water 
required for plant production. Based on our results, further experiments could be con-
ducted to investigate whether the plants would maintain normal photosynthetic activities 
with relatively low water use if they are grown under only red light with high CO2 con-
centrations, which is enough to compensate for their low stomatal conductance. If so, 
growing plants at a high CO2 concentration under light conditions that lower the stomatal 
aperture of the plants could be a way of reducing water consumption in indoor plant cul-
tivation. 

3.3. Stomatal Development under Different Light Quality 
In the present study, stomatal size and density of sweet basil grown under different 

spectral treatments were measured to assess the effect of light quality on the stomatal devel-
opment of the plants. There were no significant differences among the treatments in guard cell 
length, guard cell width, and pore length at both 7DAT and 14DAT (Table 2). However, sto-
matal density was higher in plants grown under LEDs with blue light (R75B25, R60G20B20, and 
R31G42B27) than in those under the R100 treatment at 14DAT (Table 2 and Figure 7). The stomatal 
density of the R75G25 treatment was not higher than that of the R100 treatment; however, it 
was not significantly different from that of the R75B25 treatment. The different stomatal 
densities among the treatments were detected only at 14DAT, indicating that newly de-
veloped stomata required time to acclimate to the given light quality. According to Schoch 

Figure 6. Total amount of water used by Ocimum basilicum grown under five different combinations of
red, green, and blue LEDs with the same light intensity for 14 days. The numbers after each waveband
indicate the ratios of the intensities. The R31G42B27 treatment mimics the sunlight spectrum measured
in the experimental greenhouse. Values shown represent the total water usage of the first week,
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the decrease in weight recorded every 30 min was used to calculate the amount of water used. Mean
separation followed analysis of variance (ANOVA) with Duncan’s multiple range test at α = 0.05.
Means with the same letter are not significantly different. Error bars indicate the standard error
(n = 3).

3.3. Stomatal Development under Different Light Quality

In the present study, stomatal size and density of sweet basil grown under different
spectral treatments were measured to assess the effect of light quality on the stomatal
development of the plants. There were no significant differences among the treatments in
guard cell length, guard cell width, and pore length at both 7DAT and 14DAT (Table 2).
However, stomatal density was higher in plants grown under LEDs with blue light (R75B25,
R60G20B20, and R31G42B27) than in those under the R100 treatment at 14DAT (Table 2
and Figure 7). The stomatal density of the R75G25 treatment was not higher than that
of the R100 treatment; however, it was not significantly different from that of the R75B25
treatment. The different stomatal densities among the treatments were detected only at
14DAT, indicating that newly developed stomata required time to acclimate to the given
light quality. According to Schoch et al. [42], the stomatal development of new leaves is
affected by the light condition to which mature leaves have been exposed. The stomatal
development of the newly produced leaves might have been affected by the quality of light
treatment applied to the existing leaves in the present study, displaying different stomatal
densities among the treatments at 14DAT.
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Table 2. Effects of different spectral treatments on the stomatal development of Ocimum basilicum grown under five different
combinations of red, green, and blue LEDs with the same light intensity for 14 days after the treatment (DAT). The numbers
after each waveband indicate the ratios of the intensities. The R31G42B27 treatment mimics the sunlight spectrum measured
in the experimental greenhouse. For the measurement of stomatal density, n = 6, and for the other measurements, 30 stomata
of each six samples (n = 180) were analyzed for each treatment. Mean separation followed analysis of variance (ANOVA)
with Duncan’s multiple range test at α = 0.05.

Treatment
Guard Cell Length (µm) Guard Cell Width (µm) Pore Length (µm) Stomatal Density

(Stomata mm−2)

7DAT 14DAT 7DAT 14DAT 7DAT 14DAT 7DAT 14DAT

R100 35.5 33.2 20.5 19.3 26.7 24.3 60.2 55.7 c
R75G25 35.5 32.8 20.4 18.7 27.1 23.7 59.8 59.0 bc
R75B25 36.2 32.4 20.5 19.2 27.4 23.3 61.0 63.2 ab

R60G20B20 35.6 33.3 20.0 19.3 27.2 24.0 61.7 68.3 a
R31G42B27 35.9 33.3 20.1 19.5 27.3 23.9 57.5 67.3 a

Significance NS NS NS NS NS NS NS ***

Means followed by the same letter within a column are not significantly different. NS and *** indicate non-significance and significance at
p < 0.001, respectively.
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Light-induced stomatal responses are regulated by several photoreceptors, including
blue/UV-A light-absorbing cryptochromes (CRY) and phototropins, and red/far-red light-
absorbing phytochromes (phy) [43–45]. Kang et al. [46] reported that stomatal development
in Arabidopsis thaliana was inhibited under blue and red light in the loss-of-function mutants
of CRY and phyB, respectively, suggesting that CRY and phyB are involved in the stomatal
development process stimulated by light quality. In our study, the stomatal density of
plants increased with increasing blue light intensity (p = 0.0024) (Figure 8A), which is
consistent with the results of a previous study in which sweet basil was grown in a
greenhouse with supplemental LED light [47]. Therefore, blue light appears to promote
the generation of stomata more effectively than red light. In addition, a positive correlation
was observed between stomatal density and the combined intensity of green and blue
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light (p = 0.0029) (Figure 8B). This correlation indicates that green light increases the
stomatal density of plants along with blue light, which was supported by the observation
that the stomatal density of the R75G25 treatment was not significantly lower than that
of the R75B25 treatment in the present study. A previous study conducted on cherry
tomatoes also showed higher stomatal density under monochromatic green light than
under monochromatic red light [17].
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The regression analysis performed on the stomatal density and conductance data
showed a positive correlation between these factors, indicating that an increase in stomatal
density contributed to an increase in stomatal conductance in plants (p = 0.015) (Figure 9).
As the experiment progressed, not only stomatal opening but also stomatal density of the
plants developed differently under the given light quality, resulting in different transpi-
ration and water use among the treatments. The contribution of stomatal density to the
different water use of plants is shown in Figures 5 and 6, where the difference among the
treatments was more evident later in the experiment than at the beginning. The different
stomatal development of the plants and increased water usage following the increased size
of the plants might have widened the gap among the treatments as the study progressed.
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4. Conclusions

In the present study, light quality significantly affected the water use of sweet basil
plants, together with the photosynthetic activities and stomatal density. Plants grown
under LEDs with blue light showed a higher photosynthetic rate and stomatal conductance
than plants grown under only red light. Increased stomatal conductance under blue light
resulted in increased water usage by the plants. Although green light has been reported
to reverse the stomatal opening induced by blue light, our results showed that green
light increased the stomatal conductance and density of the plants along with blue light,
thereby increasing the water use of the plants compared to red light. Plants grown under
combined red and green light displayed similar water use to plants grown under blue
LEDs. In conclusion, light quality affects the water use of plants by regulating the stomatal
conductance of plants, and both the changes in stomatal aperture and density seems to
contribute to the different water use of plants under different light qualities.
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