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Preface

The revolution in controlled-environment agriculture (CEA) has been driven by developments

in light-emitting diodes (LEDs) and their value engineering to make these technologies affordable

for use in many plant science applications. A key feature of LEDs is their narrow waveband of

light production, allowing the development of arrays of LEDs to match the spectral absorption

characteristics of plants. This has necessitated intense research activities to define and characterize

the best spectral combinations and light intensities to be used for various crop species. This Special

Issue presents several pioneering articles showing early key advances in this field of research.
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Abstract: This study focused on the physiology, growth and antioxidant activity response of hydro-
ponically grown lettuce (Lactuca sativa L.) under sole-source LED lighting of differing spectra. Light-
ing spectra were provided by differing combinations of LEDs of three different peak wavelengths,
(Blue 435, Blue 450, and Red 663 nm) with ratios of B450/R663: 1.25 ± 0.1, B450/R663: 1.25 ± 0.1, and
B450/R663 1:1 at two light intensities of photosynthetically active radiation (PAR) (270 µmol m−2 s−1

and 60 µmol m−2 s−1). A further experiment was conducted, in which Blue and Red LEDs were sup-
plemented with Green (Blue 450, Red 663, and Green 520 nm) with ratios of B435/R663: 1.25 ± 0.1,
B450/R663/G520: 1/0.73/0.26, and B450/R663: 1.25 ± 0.1. LED light intensities under the different
spectra were adjusted to deliver the same level of PAR (270 ± 20 µmol m−2 s−1). Results from the
first experiment showed that increased fraction of blue 435 nm in combination with red light at
663 nm at high irradiance enhanced the physiology of lettuce (i.e., significantly increased assimilation
rate, stomatal conductance and transpiration rate) and increased the yield while having no significant
effect on antioxidant activity. At the lower irradiance, the B435/R663 significantly increased antioxi-
dant activity compared to other spectra. Results from the second experiment showed no significant
effect of the spectra of LEDs on the physiology and yield of lettuce, but antioxidant activity was very
significantly induced by B450/R663 at the ratio of 1.25 ± 0.1. However, the amount was still less
than that obtained by B435/R663 1.25 ± 0.1 from the first experiment. This study indicates that LED
light with a spectrum of B435/R663 at a ratio of 1.25 ± 0.1 significantly improves lettuce yield and
antioxidant activity.

Keywords: LEDs; lettuce; physiology; fresh weight; antioxidant activity

1. Introduction

Lettuce (Lactuca sativa L.) belongs to the family Composite, and is an important dietary
leafy salad vegetable that is primarily consumed fresh or in salad mixes [1]. It is a major
source of bioactive compounds with diverse biological activities: it has antioxidant, anti-
inflammatory, anticancer, antimicrobial, cholesterol lowering, and antidiabetic effects, and
it is a good source of fibre, iron, folate, and vitamin C [2–5]. Lettuce is widely grown in
semi-controlled environments in glasshouses and plastic tunnels, often using hydroponic
culture [6,7]. Some lettuce crops are now grown under controlled conditions using artificial
light in plant factories. Lettuce is frequently used as a test species when investigating the
optimisation of plant factory conditions.

Light is one of the fundamental environmental factors for plant growth and develop-
ment. Light quality, in comparison with light intensity and photoperiod, has been shown
to have a much more complex impact on plant physiology and morphology in terms of
spectral distribution, since specific wavelengths stimulate different physiological and mor-
phological responses [8] This indicates the importance of chlorophyll A&B. Chlorophyll
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A is the primary pigment of photosynthesis and absorbs light from 430 nm to 662 nm.
Chlorophyll A has a central role in the transference of energy to the reaction centre and
contributes very significantly to the electron transport chain, since it donates two excited
electrons. Chlorophyll B absorbs a blue light range between 453 nm to 642 nm, chlorophyll
B helps organisms to convert the energy from light spectra to chemical energy. Furthermore,
chlorophyll B can absorb a wider range of wavelengths of light, which enables more energy
to be transferred to chlorophyll A [9].

Light-emitting diodes (LEDs) have higher luminous efficiency, long life, and higher
efficacy, leading to reduced associated heating [10] compared to other artificial lighting
sources, such as fluorescent bulbs or sodium vapour lamps. Furthermore, in indoor plant
factory farming systems, LEDs allow for the modification of the spectrum to fit the plant
species requirements. Lettuce is widely cultivated in plant factories under LEDs [11,12],
because of its adaptability to controlled environments, its short growth cycle, and defined
rosette shoot shape [13]. Plant Factories (controlled environment agriculture) are new
forms of agriculture that are not dependent on arable land and that can be developed in
the urban environment are gaining increasing popularity. Plant Factories with Artificial
Lighting (PFALs) or Vertical Farms with Artificial Lighting (VFALs), are closed plant pro-
duction systems where environmental factors (e.g., temperature, humidity, light, and CO2
concentration) are controlled, minimizing the interactions with the external climate. There
is a significant growing interest in this form of farming because it can be built anywhere,
high resource use efficiency (water, CO2, fertilizer, etc.) can be achieved with minimum
emission of pollutants to the outside environment, the growing environment is not affected
by the outside climate and soil fertility, production can be year-round and productivity
is over 100 times that of field production, produce quality such as concentrations of phy-
tonutrients can be enhanced through manipulation of the growing environment, especially
light quality; produce is pesticide-free and need not be washed before eating; produce has
a longer shelf life because the bacterial load is generally less than 300 CFU g−1, which is
1/100 to 1/1000 that of field-grown produce and energy for transportation can be reduced
by building PF near urban areas. Light is a key factor and a very important element for the
Plant Factories since it has direct impact of growth, yield, and quality of plants.

It has been reported that lettuce grown under combined Red and Blue LEDs exhibit
the highest chlorophyll content, photosynthesis rate [14], pigment content, leaf numbers,
leaf area index and shoot dry weight, and also increased antioxidant activity [15]. However,
plants under monochromatic Blue or Red LEDs have displayed growth abnormality and
reduced photosynthetic rate [14,16]. Recently, Naznin et al. [15] reported that lettuce grown
solely under Red LEDs had significantly reduced biomass, chlorophyll content, carotenoid
content, and antioxidant levels. Moreover, it has been observed that the lettuce plants could
not perform normally in Red light only, and the combination of 90% Red and 10% Blue was
considered more effective [17]. Photosynthesis rate, stomatal density, growth, and mineral
element content under a combination of Red and Blue appears to be dependent on the Red
light/Blue light ratio (R/B ratio and all these parameters increased with a decrease in R/B
ratio) [14]. Pennisi et al. [10] reported that, when the R/B ratio increased from 0.5 to 3, the
chlorophyll and flavonoid content, nutrient uptake and water use efficiency of the lettuce
leaves improved, with a resultant yield increase of 1.6-fold, although no further increase
was reported when the R/B exceeded a ratio of 3. It has been reported that the optimal
ratio of R/B for lettuce is at an intensity of 200 µmol m−2 s−1 irradiance for 16 h for highest
photosynthesis rate and stomatal conductance is R/B = 1 compared to ratios of R/B of 4, 8,
12 with a significant decrease when the ratio of R to B increased from 1 to 12 [14].

The synergistic effectiveness of the combined Red to Blue ratio can be more clear
on lettuce growth in term of leaf area and dry weight when a small quantity of green G
light (24%) is added, since green light is better able to penetrate the plant canopy than
Red or Blue light [18]. This may be because the plants have sensitive green light sensors
(phytochromes and cryptochrome), although their efficiency in processing green is less
than that shown in response to blue and red wavelengths [19]. In contrast, Saito et al. [20]
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reported that lettuce plants under monochromic Red light had a higher photosynthetic rate,
greater leaf number and greater fresh weight compared to either blue light or a mixture of
RB light. These findings are supported by Wang et al. [14], who concluded that Red light
might be the most effective wavelength for photosynthesis and growth in lettuce (Lactuca
sativa L.). Lee and Kim [21] also concluded that Red light LEDs with a peak of 634 nm and
659 nm and Blue light LEDs with a peak of 450 nm are the potential spectral wavelengths
that boost the photosynthetic rate most effectively, leading to increased leaf area, shoot
fresh weight, leaf chlorophyll, and anthocyanin content.

However, there is less agreement regarding optimal fraction of either R or B com-
bination effect on lettuce. The current study therefore aimed to investigate the different
fraction of R and B LEDs and different RB ratios on the physiology, growth and antioxidant
activities in lettuce (Lactuca sativa L.).

2. Materials and Methods
2.1. Plant Material and Growth Condition

Lettuce seeds were obtained from CN seeds (CN Seeds Ltd., Pymoor, UK), then sown
and germinated in the greenhouse at Skardon Gardens. When seedlings had their first
pair of true leaves, they were transferred to the plant factory facility at the University
of Plymouth. The university’s plant factory facility is a converted insulated greenhouse
where external light has been excluded. The multi-tier hydroponic growing system consists
of gulleys for NFT (nutrient film technique) and is installed with interchangeable LED
light units. The plant factory is divided into several multi-shelf hydroponic units, each
consisting of three tiers. The distance between tiers is 50 cm, and 16 plants were planted in
each tier at a spacing of 20 cm within a gully and 20 cm between gullies. The temperature
and humidity were monitored, using Gemini data loggers (Tinytag Plus (part No GP-1590))
and an instantaneous thermometer (Fisher Scientific, Hampton, NH, USA) at 23 ± 2 ◦C.
The light/dark period was set to 16/8 h.

Two experiments were established:

2.1.1. First Experiment

Three lighting treatments were designed and applied at two intensities (high: 270 and
low 60 µmol m−2 s−1) measured using a UPRtek MK350N premium Standalone handheld
spectral light meter, Taiwan. Light treatments were as follows:

Blue 435 nm rich treatment: Blue/Red (B435/R663): Blue rich spectrum with 435 nm
wavelength used as a source of blue (B/R: 1.25 ± 0.1) (Blue 435 nm to Red 663 nm spectrum
peak ratio, 1.6:1).

Blue 450 nm rich treatment: Blue/Red B450/R663: Blue rich spectrum with 450 nm
wavelength used as a source of blue (B/R: 1.25 ± 0.1) (Blue 450 nm to Red 663 peak
ratio, 1.6:1).

Red rich treatment: Blue/Red treatment (B/R-rich): Red 663 nm rich light spectrum
with 450 nm wavelength used as a source of blue (B/R: 0.72) Blue to Red ratio, (1:1).
(Figures 1 and 2).

2.1.2. Second Experiment

Three lighting treatments at 170 ± 10 µmol m−2 s−1 were designed as follows:

(1) Blue 450 nm rich treatment: Blue/Red treatment (B-rich/R). Blue rich spectrum with
450 nm wavelength used as a source of blue (B/R: 1.25 ± 0.1) (Blue (450 nm) to Red
(663) peak ratio, 1.6:1).

(2) Blue, red, green treatment: Blue/Red/Green treatment (B/R/G). Blue rich spectrum
with 450 nm wavelength used as a source of blue with (B/R/G: 1.25/1/0.35) (Blue
(435 nm) to Red (663) peak ratio, 1.6:1).

(3) Red rich treatment: Red (663 nm) rich light spectrum with 450 nm wavelength used
as a source of blue (B/R: 0.72) (Blue Red peak ratio 1:1.2).
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Figure 1. Spectra of the LED treatments (Blue 435 nm rich treatment, Blue 450 nm rich treatment and Red rich treatment),
as measured by an UPRtek spectrophotometer: (A) the relative light intensity. (B) The radiant density of the light
spectrum intensity.

Figure 2. Cont.
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Figure 2. Spectra of the LED treatments (Blue/Red treatment (B-rich/R), blue, red, green treatment and red rich treatment)
as measured by an UPRtek spectrophotometer: (A) the relative light intensity. (B) The radiant density of the light
spectrum intensity.

2.2. Physiological Parameters Measurements

Physiological response (assimilation rate µmol m−2 s−1, stomatal conductance
mmol m−2 s−1, and transpiration rate mmol m−2 s−1) of planted lettuce to the light-
ing treatments was measured at two stages of development: at the initial vegetative, stage
4 weeks from the transplanting of plantlets; and the second (final) harvest stage, conducted
7 weeks after transplanting plantlets to the plant factory setting. The three unfolded top
leaves were chosen from five plants from each treatments. Physiological measurements
included light-saturated instantaneous maximum photosynthetic rate Amax (µg cm−2 s−1)
was measured using an LCi-SD Highly Portable Ambient Photosynthesis System (ADC
BioScientific, Herts, UK).

2.3. Determination of Plant Morphology

Morphological response of planted lettuce to the lighting treatments were measured at
two stages of development: at the initial vegetative, stage 4 weeks from the transplanting
of plantlets; and the second (final) harvest stage, conducted 7 weeks after transplanting
plantlets to the plant factory setting. Morphological measurements of five randomly
chosen plants from each treatment were taken. These included leaf number (cmshoot fresh
weight (FW); and root fresh weight (RFW) (g), using a sensitive Fisher Scientific SG-402
laboratory balance.

2.4. Antioxidant Activity Analysis

The plants (all plants) from the second cut were stored in a deep freezer (at −20 ◦C)
and freeze-dried for antioxidant analysis. The total antioxidant activity was analysed
using the Ferric Reducing Ability of Plasma (FRAP) assay [22]. The method is based on
the reduction of Fe3+ TPTZ complex (colourless complex) to Fe2+-tripyridyltriazine (blue
coloured complex) formed by the action of electrons donating antioxidants at low pH. This
reaction was monitored by measuring the change in absorbance at 595 nm. The Ferric
reducing antioxidant power (FRAP) reagent was prepared by mixing 10 part of 300 mM
acetate buffer, 1 part of 10 mL TPTZ in 40 mM HCl and 1 part 20 mM FeCl3·6H2O. For
the extraction, 0.1 g of freeze dried leaves were weighed and ground using a mortar and
homogenized with 4 mL of HEPES buffer and sand purified by acid. From this solution,
0.80 mL was placed in an Eppendorf tube and centrifuged at 13,000 rpm in a microfuge
(Micro star 12) for 2 min. The extract was then stored on ice prior to use. The calibration
curve was prepared by plotting the absorbance at 595 nm versus different concentrations
(0, 0.2, 0.4, 0.6, 0.8 and 1 MM) of FeSO4. The concentrations of FeSO4 were in turn plotted
against a concentration of standard antioxidant Trolox. The blank was prepared by mixing
the 0.80 FRAP with 0.10 µL HEPES buffer and the spectrophotometer (Bibby Scientific
Ltd., Stone, UK) set to zero against the blank. From the each of the stored extract samples,
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0.10 µM of each stored extract were transferred to the cuvettes and 0.80 mL of FRAP reagent
added. The FRAP values were obtained by comparing the absorbance at 595 change in the
test mixture with those obtained from increasing concentrations of Fe3+ and expressed as
mg of Trolox equivalent per gram of sample.

2.5. Statistical Analysis

All data were subjected to analysis of variance (ANOVA) using Minitab software
(version 17), and comparisons of means were made using the least significant difference
(LSD) test at a 5% level of probability.

3. Results
3.1. Assimilation Rate, Stomatal Conductance and Transpiration at High Lighting Intensity

Assimilation rate in lettuce cultivated under all LED treatments was reduced when
the plants reached maturity, (Table 1), which is the assimilation rate at first harvest is signifi-
cantly (p = 0) higher than at second harvest. At both harvest stages, the photosynthesis rate
showed a remarkable (p = 0.003) difference between LED treatments. At the first harvest,
the B435/R significantly increased assimilation rate by 26% compared to the B450/R, while
there were no significant differences between B435/R and B/R-rich. At second harvest,
there were significant differences between all LED treatments. The B435/R significantly in-
creased the assimilation rate by about 100 and 32% in comparison to B450/R and B/R-rich,
respectively. As with the assimilation rate, stomatal conductance in plant leaves grown
under all LED treatments significantly (p = 0.00) decreased with plants’ maturity (Table 1)
and was significantly lower at second harvest compared to first harvest. There was a
significant (p = 0.00) difference in leaves stomatal conductance between LED treatments
at both harvest stages. At the first harvest, the greatest stomatal conductance was under
B/R-rich, which increased stomatal conductance by 150 and 400% compared to B435/R and
B450/R, respectively. At the second harvest, the greatest stomatal conductance was under
B435/R, which was greater by 95 and 290% compared to B450/R and B/R-rich. In contrast
to the assimilation rate and stomatal conductance, the transpiration rate increased with
plant maturity, (Table 1). Significant (p = 0.066) differences between harvest stages were
observed, and there was a significant (p = 0.004) effect of LED treatments on transpiration
rate at both harvest stages. At the first harvest stage, the highest transpiration rate was
under B/R-rich, which increased by about 33 and 100% compared to B435/R and B450/R,
respectively. At the second harvest stage, the highest value was at B/R-rich, followed by
B435/R and then B450/R.

3.2. Growth and Morphology at High Lighting Intensity

As shown in Table 1, all LED treatments stimulated lettuce plant growth. Plants pro-
duced greater fresh weight (shoot and root) and leaf numbers at second harvest compared to
first harvest. At both harvest stages, plants produced different fresh weights (shoot + root)
under different LED treatments. Shoot fresh weight (Table 1) was significantly (p = 0.003)
increased when plants were grown under combination of B435/R, compared to plants
grown under B450/R and B/R-rich. At second harvest, the B435/R increased the plants’
fresh weight by 36 and 14% compared to B450/R and B/R-rich, respectively, and the
B/R-rich increased plant fresh weight by 13% as compared to B450/R. Furthermore, the
highest root fresh weight was produced by plants cultivated under B435/R, compared
to other treatments (Table 1). At the second harvest, the B435/R significantly (p = 0083)
increased the root fresh weight by about 50 and 46% as compared to B450/R and B/R-
rich, respectively, and, similarly to shoot fresh weight, the B/R-rich increased the root
fresh weight by about 25% compared to B450/R. With regard to the number of leaves, no
significant effect between all LED treatments were observed. (Table 1).
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3.3. Assimilation Rate, Stomatal Conductance and Transpiration at Low Lighting Intensity

All physiological parameters (assimilation rate, stomatal conductance, and transpira-
tion rate) for plants cultivated by all LED treatments with lower light intensity progressively
decreased with plant maturity (Table 2), as indicated by a significant reduction of these
parameters at second harvest, compared to first harvest. At both harvests, there were
significant effects of LED treatment on physiological parameters. Assimilation rate was
significantly stimulated (p = 0.003) under B 435/R compared to B450/R, with no significant
differences between B345/R and B/R-rich, which both increased assimilation rate by 25%
compared to B450/R at first harvest. However, at the second harvest, the B435/R increased
assimilation rate by 135 and 53% compared to B450/R and B/R-rich, respectively, whereas,
at the first harvest, the highest (p = 0.072) leaf stomatal conductance was at B450/R, with
an increment by 67% compared to other LED treatments. At the second harvest, the highest
value of stomatal conductance was obtained by B435/R and B/R-rich, with an increment of
100% compared to B450/R. Although the transpiration rate significantly differed (p = 0.003)
between LED treatments, the greatest value at the first harvest was under B435/R, with an
increment by 60 and 33% as compared to B450/R and B/R-rich, respectively. Furthermore
at the second harvest, the greatest value for the transpiration rate was at B345/R, with an
increment of about 114% compared with B450/R, and no significant differences between
B435/R and B/R–rich were record.

3.4. Growth and Morphology at Low Lighting Intensity

In general, plants cultivated by all LED lighting progressively increased growth in
term of plant fresh weight (shoot + root), as in Table 2, which shows the shoot weight
very significantly greater (p ≥ 0.001) and root fresh weight significantly (p = 0) greater
at second harvest than at first harvest. Plants cultivated at both B435/R and B450/R
produced significant (p = 0.078) shoot fresh weight (Table 2) which increased shoot fresh
weight by 50% compared to B/R-rich at second harvest. Whereas the highest root fresh
weight obtained by B 435/R first, then followed by B/R-rich compared to B 450/R (Table 2).
Which was at second harvest, the B 350/R increased root fresh weight by about 49 and 22%
compared to B450/R and B/R-rich, respectively. There were no significant differences in
the number of lettuce leaves grown under different LED treatments (Table 2).

3.5. Second Experiment
3.5.1. Assimilation Rate, Stomatal Conductance and Transpiration under B-rich/R,
B-rich/R/G and B/R-rich

As in the first experiment, all the physiological parameters; assimilation rate, stom-
atal conductance, and transpiration rate for plants cultivated by all LEDs progressively
decreased when plants reached maturity (Table 3). At both harvest stages, there were no
significant (p = 0.062) differences between all B-rich/R, B-rich/R/G and B/R-rich lights
on the plants’ assimilation rates. Stomatal conductance significantly (p = 0.002) has a clear
difference between all LEDs treatments, at first harvest B/R-rich increased the stomatal con-
ductance by (20 and 67%) as compared to B-rich/R and B-rich/R/G, respectively. Similarly,
the transpiration rate showed significant (p = 0.00) differences between LED treatments.
The highest values were obtained under B/R-rich, which increased transpiration rate by 94
and 280%, compared to B-rich/R and B-rich/R/G, respectively, at first harvest.
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3.5.2. Growth and Morphology under B-rich/R, B-rich/R/G and B/R-rich

Plants grown under all lighting treatment showed an increase in terms of shoots
and root fresh weight when plants reached maturity. However, there were no signifi-
cant (p = 0.598) differences between LEDs treatments on plant fresh weight (shoot + root
fresh weight) Table 3. Furthermore no significant differences were recorded for plant leaf
numbers grown under different LED treatments (Table 3).

3.6. Antioxidant Activity

At second harvest, there were no significant (p = 0.296) differences between all LED
treatments with high intensity (270 ± 20 µmol m−2 s−1). Lettuce shoot antioxidant ac-
tivity (in µmol FeSO4 L−1) was recorded, as shown in Figure 3A. The same LED treat-
ments showed a highly significant (p = 0) difference in lettuce antioxidant activity (in
µmol FeSO4 L−1) when the intensity of lights became lower 60 µmol m−2 s−1 (Figure 3B),
and the highest level of antioxidant activity (in µmol FeSO4 L−1) was at B345/R, followed
by B450/R, with increasing rate by about 53 and 420%, compared with B450/R and B/R-
rich, respectively. In addition, in the second experiment, as shown in Figure 3C, there
were significant (p = 0.004) differences between LED treatment in lettuce shoot antioxidant
activity levels (in µmol FeSO4 L−1), the highest level was at B-rich/R, with an increment of
125 and 260%, as compared with B-rich/R/G and B/R-rich, respectively.

Figure 3. Cont.
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Figure 3. Antioxidant activities in lettuce at second harvest under different LEDs treatments;
(a) effects of high intensity of B345/R, B450/R and B/R-rich: LSD of treatments = no significance
(p = 0.296). (b) Effects of low intensity of B345/R, B450/Rand B/R-rich: LSD treatments = 0.60 (p = 0).
(c) Effects of B-rich/R, B-rich/R/G and B/R-rich; LSD treatments 0.41 (p = 0.004).

4. Discussion

The results from the first experiment at the higher intensity (270 ± 20 µmol m−2 s−1)
confirmed that, firstly: using blue light with a wavelength peak of 435 nm enhanced
assimilation rate by 26 and 100% at first and second harvest, respectively, and this was
also observed at the lower intensity (60 µmol m−2 s−1). The B435/R enhanced assimilation
rate by 25 and 135% for the first and second harvest, respectively, more than blue light
with a peak of 450 nm. This finding supports our previous study on sweet basil (Ocimum
basilicum) [23,24]. The second confirmation was that the use of blue light with a wavelength
peak of 450 nm could match the absorbance of lettuce pigments when the ratio of B450/R
is (1:1) in the balance of LEDs in array increased assimilation rate. In the current study, the
stomatal conductance and transpiration rate at the first harvest did not reach the greatest
value at B435/R compared to B450/R. At the second harvest, the B435/R gave the highest
value of stomatal conductance and transpiration rate with an increment by 95 and 100%
of stomatal conductance and by 435 and 114% of transpiration rate, compared to B450/R
for first and second intensities, respectively. These findings indicate that the blue light
with a wavelength of 435 nm gradually enhanced stomatal conductance, until reaching the
highest level at the second harvest.

The third confirmation n was that for lettuce shoot fresh weight, using blue light
with wavelength peaks of 435 nm and 450 nm at low light intensity had same effect as
that for B435/R and B450/R treatments. The same results for lettuce have been recently
reported by [14]: they found that lettuce assimilation rate and fresh weight increased
with decreasing R/B ratio from (12 to 1) and this was also associated with an increase in
stomatal conductance. This result is in agreement with that of Yan et al. [7], who reported
that the assimilation rate in lettuce leaves increased with decrease in R/B ratio. This was
due the inhibition of photorespiration and stimulation of stomatal opening to CO2 uptake
for assimilation [25]. Similarly, increasing in the red light fraction decreased stomatal
conductance in lettuce [14] due to the fact that the guard cells of stomata were opened by
the blue light phototropin receptors [26]. As a result, plants under blue LEDs maintained
photosynthesis more effectively than under red LEDs [27]. Blue (B) and red (R) wavelengths
of light are absorbed more by photosynthetic pigments than by other wavelengths. A wide
range of plant physiology and growth processes, such as leaf photosynthesis function,
photo-morphogenesis, phototropism, stomatal opening [28], hypocotyl elongation, leaf
expansion, leaf anatomy, enzyme synthesis, gene expression, and chloroplast movement

12



Plants 2021, 10, 2162

are driven by blue light [29,30]. On the other hand, red light causes stem elongation and
increases chlorophyll content and photosynthesis [31].

Our results are consistent with those of Pennisi et al. [10] who showed that a ratio
of R/B = 3 with light intensity of 215 µmol m−2 s−1 increased chlorophyll content and
decreased photosystem II quantum efficiency and transpiration rate, resulting in increased
water use efficiency and a maximised lettuce yield. A higher R/B ratio did not result in
additional lettuce yield. However, [32] observed that assimilation rate in lettuce decreased
as blue light fraction increased from 20% to 30%. The explanation for this is that red
light is the most efficient wavelength for photosynthesis. As reported by McCree, (1971),
the relative quantum efficiency of red light (600–700 nm) was higher than that of blue
light (400–500 nm) because blue fraction was absorbed by flavonoids in vacuoles and/or
anthocyanin’s pigments and is less efficient in transferring energy to the reaction centres
for photosynthesis [33].

In general, it has been measured at 90% of red and blue light LEDs absorbance by
plant [34]. This finding indicates that both red and blue strongly affect plant physiology
and development. Plants grown under red LEDs exhibited photosynthesis and growth
similar to those grown under blue LEDs [35].

In the current research, the root fresh weight at the low light intensity of 60 µmol m−2 s−1

under B435/R was higher by 49 and 22% compared to B450/R and B/R-rich, respectively,
while both B435/R and B450/R produced the same amount of shoot fresh weight. The
reason for this is that increased (“ratio of”?) blue light with wavelength peak of 435 nm to
red light with a wavelength peak 663 nm and at a low intensity of LED light can alter the
assimilation translocation between lettuce plant organs. A similar tendency was found in
lettuce when the ratio of blue to red increased by 20–50% [17].

At both intensities, there was no significant difference in the number of lettuce leaves
among plants cultured under all LEDs treatments. In contrast, the combination of R/B
LEDs significantly increased leaf numbers in lettuce [14,35–37].

In the second experiment, Table 3 shows non-significant differences between all LED
treatments B-rich/R (1.6:1), B/R/G (1/0.73/0.26) and B/R-rich (1:1.2) on assimilation rate,
while stomatal conductance and transpiration rate significantly increased by B/R-rich,
compared to B-rich/R and B/R/G, respectively. This indicated that the supplementation
of a small amount of green light to red and blue light could achieve maximum assimilation
rate, similar to a combination of red and blue [38]. Moreover, green light can be absorbed
by cytochrome (cry), decreasing the activity of chromophores on cry and leading to the
induction of stomata opens on leaves by blue light that is absorbed by cry [39]. On the
other hand, altering the ratio of blue to red light could be sufficient for lettuce assimilation
rate. It is known that the wavelengths of both red and blue lights are necessary in the
process of plant photosynthesis [40], indicating that light quantities are more effective
than light quality in lettuce production, as recently reported by [7]. As a consequence, the
lettuce fresh shoot biomass, root fresh biomass, and leaf numbers did not significantly
differ in all LED treatments. These results contradict the findings of Shao et al. [41] who
observed that shoot fresh weight in lettuce increased by 20.5% under RBG LEDs with
light intensity of 150 µmol m−1 s−1. This was the result of an increase in the assimilation
rate of 24.2% compared to R/B LEDs, because green light is able to penetrate the plant
canopy and supply energy, especially in plants with overlapping leaves, such as lettuce.
Furthermore, [18] suggested that red and blue LEDs with 24% green treatment gave the
highest shoot fresh weight and plants under RBG LEDs and RB had similar assimilation
rates. In addition, [42,43] considered the RBG LEDs as an optimal combination wavelength
for lettuce growth [44].

In the present study, the levels of antioxidant activity levels in lettuce shoots (in
µmol FeSO4 L−1) under B435/R (1.25 ± 0.1) compared to B450/R (1.25 ± 0.1) B/R-rich
(1:1) at the first experiment with low light intensity of 60 µmol m−2 s−1 but not at the high
intensity of (270 ± 20 µmol m−2 s−1). Moreover, at B/R-rich (1.25 ± 0.1) compared to
B/R/G (1/0.73/0.26) and B435/R (1:1.2) at second experiment (Figure 3) were significantly
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higher than other LED treatments. This was in agreement with Son et al. [45] who reported
that increasing the fraction of blue combined with red increased the concentration of phe-
nolic acid and antioxidant activity by 41% at R/B (6:4) and by 24% at R/B (8:2), compared
to R/B (9:1) with light intensity of (130 ± 7 µmol m−2 s−1 130 ± 7 µmol m−2 s−1) 12 h
photoperiod. The blue light is effective in accumulating secondary metabolism and in
promoting the phenolic concentration and antioxidant capacity resulting from an activation
of the PAL gateway enzyme in the biosynthesis of phenolic, enhanced by monochromatic
blue LEDs [46]. It has frequently been reported that increasing the blue light during light
period induced the concentration of many bioactive compounds: this effect has been re-
ported in several cultivars of lettuce [47,48]. More recently, Naznin et al. [15] demonstrated
that a higher proportion of blue light to red (83% R + 17% B) compared to (91% R + 9% B
and 95% R + 5% B) with intensity of ±200 µmol m−2 s−1 increased antioxidant activity in
lettuce leaves. However, using combined blue and red light led to less change in secondary
metabolism and it has been suggested that the metabolic process is more sensitive to change
in monochromatic light [45], and the metabolic changes in either monochromatic light or
combined light may be induced by differences in the activation of photoreceptors, such as
phytochromes and cryptochromes effectively absorbing blue and red light [49].

5. Conclusions

The results of this study showed that the growth, photosynthesis, and antioxidant
activity of lettuce performed better with a combination of blue light with a peak wavelength
of 435 nm and red with a peak wavelength of 663 nm with a ratio of (1.25 ± 0.1), than with
a combination of blue light with a peak wavelength of 450 nm and red with a peak wave-
length of 663 nm with a ratio of (1.25 ± 0.1) at high intensity of (270 ± 20 µmol m−2 s−1).
However, when a small amount of green light with a wavelength peak at 520 nm is added
to the combination of B450/R663 nm and the ratio of B450 nm to Red663 nm is the same or
R663/B450 nm = 1.2, all of the LEDs enhanced the assimilation rate by the same amount
and produced the same amount of lettuce fresh weight. From these results, it can be
concluded that B435/R at high intensity is the best LED for the production of economic
yields of hydroponically grown lettuce in the plant factory for production of the highest
yields. It was also found that B435/R at the low intensity of 60 µmol m−2 s−1 is the best
LED for producing the highest level of antioxidant activity.

Grow LED light system is a growing area for both research and commercial appli-
cations. This will increase the capacity of testing more specific wavelengths in both red
and blue regions of lights. This is currently is still one of the limitations for a deeper
understanding of the plant response to light spectrum.
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Abstract: The purpose of this study was to determine the effect of light quality on R. hongnoensis
growth, physiology, and antioxidant properties. Five light conditions were employed, including
white (control), red (R), blue (B), combined LED of R, green (G), and B at 7:1:2 (RGB), as well as
combined LED of R, G, B, and far-red (Fr) at 7:1:2:1 (RGBFr). R light had the greatest growth-
promoting effect based on plant height, leaf length, leaf width, stem diameter, and leaf area. However,
leaf width and root length exhibited the greatest growth under RGB. The fresh and dry weight of
shoots and roots were highest under R and RGB light. Photosynthesis was highest under RGB and
lowest under B. Transpiration was highest in RGBFr. Stomatal conductance and photosynthetic
water use efficiency were greatest under RGBFr. Total phenol content and radical scavenging activity
were highest under R, while total flavonoid content was highest under RGB. Superoxide dismutase
(SOD), catalase (CAT), and ascorbate peroxidase (APX) activities were upregulated under W, whereas
guaiacol peroxidase (GPX) activity was highest under RGB. The present results suggest that, among
the tested light treatments, R light was most conductive for vegetative growth and antioxidant
capacity in R. hongnoensis.

Keywords: antioxidant activity; blue LED; photomorphogenesis; photosynthesis; red LED

1. Introduction

Among Rubus species, the thornberry (Rubus hongnoensis Nakai) is an endemic plant
belonging to the subgenus Idaeobatus and sect Rosaefolii [1]. It was first collected and
identified as a new species by Nakai from a region called Hongno (near Cheonjiyeon
Falls, Seogwipo), which is located on Jeju Island [2]. Rubus species have been used in
traditional medicine for their many medicinal properties [3]. Components isolated from
representatives of the genus have been reported to exhibit various biological activities,
including antioxidant, anti-inflammatory, antibacterial, and anticancer activity [4]. As
a result of comparing the physiological properties of 26 wild Rubus plants (leaf), some
species showed high phenolic compound content and antioxidant activity, suggesting
potential use as medicine or herbal tea [5]. Wild Rubus plants (fruits) can be used as an
energy source because of their high content of essential minerals and carbohydrates [6].

Light quality can indirectly affect biomass production by influencing plant mor-
phology, architecture, and photosynthesis [7]. Red (R) light plays an important role in
photosynthesis as well as the control of shoot weight, stem diameter, and leaf area [8].
Blue (B) light not only affects plant growth, leaf expansion, and stomatal opening, but
also enhances chlorophyll, flavonoid, and total phenolic content as well as antioxidant
capacity [9]. The combination of R and B light is optimal for the growth and development
of cucumbers [10]. Although the underlying mechanism of plant growth promotion via
green (G) light is unclear [11], it has been reported that the addition of G to R and B light
promotes the growth of lettuce [12] and induces an effect similar to that of shade avoid-
ance [13]. Far-red (Fr) light has a higher leaf transmittance than R light. Therefore, it is
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possible to produce uniform seedlings under Fr light, as it contributes to a lower variation
of seedling size [14]. However, despite the many studies above, there are no studies on the
effects of various light-emitting diode (LED) light sources on the growth and antioxidant
activity of R. hongnoensis.

In this study, we hypothesized that applying R, B, G, and Fr as monochromatic light
or in combination would influence gas exchange, antioxidant activity, and the growth of
R. hongnoensis. Therefore, the effects of four different LED spectra on growth, photosyn-
thesis, and antioxidant activity of R. hongnoensis were investigated. R light considerably
promoted plant growth as well as antioxidant capacity.

2. Results

Plant height was greatest under R light (11.2 cm), the leaf length was 16.7 cm, leaf
width was 10.4 cm, and the leaf area was 66.2 cm2, which altogether indicated a great
improvement in leaf growth when compared to parameters under other light treatment
conditions (Table 1, Figure 1). Leaf length, leaf width, and leaf area were the lowest under B
light (Table 1). The number of five-leaflets was highest under RGBFr light (Table 1). Chloro-
phyll content was greatest under R (40.7), but no significant difference was determined
between treatment groups (Table 1). Stem diameter was greatest under R and lowest under
B light (Table 1).

Table 1. The growth of Rubus hongnoensis under different light treatments on the 8th week after transplanting.

Light Quality z Plant Height
(cm)

Leaf
No. of

Five-Leaflets
Chlorophyll

(SPAD)
Stem Diameter

(mm)Length
(cm)

Width
(cm)

Area
(cm2)

W 6.8 b y 13.4 a 8.4 a 44.7 ab 5.7 ab 38.0 5.3 a
R 11.2 a 16.7 a 10.4 a 66.2 a 6.6 a 40.7 6.6 a
B 3.7 c 8.8 b 5.5 b 24.1 c 5.1 b 34.3 2.8 b

RGBFr 7.9 b 15.0 a 8.5 a 51.6 b 6.8 a 39.6 5.2 a
RGB 8.2 b 15.3 a 9.0 a 55.2 ab 6.4 a 39.8 4.9 a

F-test *** *** *** *** ** NS **
z Light quality included: W, white (as the control) light-emitting diodes (LEDs); R, red LEDs; B, blue LEDs; RGB, combined LEDs of R,
green (G), and B at 7:1:2; and RGBFr, combined LEDs of R, G, B, and far-red (Fr) at 7:1:2:1. y Mean separation within columns by Duncan’s
multiple range test at the 5% level. NS, **, ***: Non-significant or significant at p ≤ 0.01 or 0.001, respectively.
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Root length (38.4 cm) was significantly higher under RGB than under the other treatment
conditions (Table 2). The fresh weight (8.59 g) and dry weight (0.66 g) of roots were highest
under R and RGB light, but there were no significant differences between groups (Table 2).
The fresh weight and dry weight of shoots were similar between R (fresh weight-11.65 g; dry
weight-2.05 g) and RGB light (fresh weight-11.9 g; dry weight-1.94 g) (Table 2).

Table 2. Root length, fresh and dry weights of Rubus hongnoensis under different light treatments on
the 8th week after transplanting.

Light Quality z Root Length (cm)
Fresh Weight (g) Dry Weight (g)

Shoot Root Shoot Root

W 27.1 bc y 5.13 a 3.68 bc 0.95 ab 0.28 bc
R 33.1 ab 11.65 a 8.34 a 2.05 a 0.64 ab
B 25.2 c 2.76 b 2.06 c 0.35 b 0.12 c

RGBFr 34.4 ab 8.29 ab 7.98 ab 1.59 a 0.52 ab
RGB 38.4 a 11.90 a 8.59 a 1.94 a 0.66 a

F-test ** ** ** ** **
z See Table 1 for details on the light treatments. y Mean separation within columns by Duncan’s multiple range
test at the 5% level. **: Significant at p ≤ 0.01.

Photosynthesis was highest under RGB (10.74 µmol CO2 m−2 s−1), followed by RGBFr
(10.26 µmol CO2 m−2 s−1) and R light (10.22 µmol CO2 m−2 s−1), while being lowest under
B light (3.44 µmol CO2·m−2 s−1) (Figure 2A). Interestingly, photosynthesis was enhanced
under exposure to R light, as observed for R, RGB, and RGBFr treatment (Figure 2A).
Transpiration and stomatal conductance were highest under RGBFr and lowest under W
light (Figure 2B,C). Photosynthetic water use efficiency was highest under RGB, followed by
R and RGBFr (Figure 2D). Photosynthetic water use efficiency was lowest in B (Figure 2D).
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Figure 2. Effect of different light-emitting diode (LED) quality on photosynthesis (A), transpiration (B), stomatal conductance (C),
and photosynthetic water use efficiency (D) in the leaves of Rubus hongnoensis. Light quality applied included W, white (as the
control) light-emitting diodes (LEDs); R, red LEDs; B, blue LEDs; RGB, combined LEDs of R, green (G), and B at 7:1:2; and RGBFr,
combined LEDs of R, G, B, and far-red (Fr) at 7:1:2:1. Data are the mean± S.E of the 5 biological replicates. Means accompanied
by different letters are significantly different (p < 0.05) according to the Duncan’s multiple range test at 5% significance level.

19



Plants 2021, 10, 2589

Superoxide dismutase (SOD) activity of shoots was highest under B (14.9 Umg−
1

pro-
tein), followed by RGBFr (11.3 Umg−1 protein) and R light (9.7 Umg−1 protein) (Figure 3A).
SOD activity of the root was highest under W (56.2 Umg−1 protein) and lowest under RGB
(32.1 Umg−1 protein) (Figure 3A). Total SOD activity was the highest under W (65.1 Umg−1

protein) (Figure 3A).
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Catalase (CAT) activity in shoots was the highest under B (0.538 µmol mg−1 protein),
while that in roots was highest under W light (2.584 µmol mg−1 protein) (Figure 3B).
Total CAT activity was highest and similar between W (2.888 µmol mg−1 protein) and R
(2.728 µmol mg−1 protein), followed by B light (1.766 µmol mg−1 protein) (Figure 3B).

Guaiacol peroxidase (GPX) activity of shoots was highest under W (1.435 µmol mg−1

protein), followed by RGBFr (1.195 µmol mg−1 protein), RGB (0.914 µmol mg−1 protein), B
(0.804 µmol mg−1 protein), and R light (0.530 µmol mg−1 protein) (Figure 3C). GPX activity
in the root was lowest under W light (0.207 µmol mg−1 protein) (Figure 3C). The total GPX
activity was highest under RGB light (1.705 µmol mg−

1
protein) (Figure 3C).

Ascorbate peroxidase (APX) activity in the shoot was similarly high under B
(26.4 µmol mg−1 protein) and RGBFr (24.5µmol mg−1 protein), followed by R (13.3 µmol mg−1

protein), RGB (12.2 µmol mg−1 protein), and W treatment (12.1 µmol mg−1 protein)
(Figure 3D). APX activity of the root was highest under W (156.1 µmol mg−1 protein) as
was APX activity (227.7 µmol mg−1 protein) (Figure 3D).

Total phenol content of the shoot was the highest under W (3.03 mg g−1), followed by
R, RGB, RGBFr, and lowest under B light (1.26 mg g−1) (Figure 4A). In the root, phenol
content was highest under R (1.547 mg g−1) and lowest under B light (0.75 mg g−1)
(Figure 4A). Total phenol content was highest under R (4.44 mg g−1), followed by W
(4.01 mg g−1), RGB (2.98 mg g−1), and RGBFr (2.36 mg g−1), again being lowest under B
light (2.05 mg g−1) (Figure 4A).
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Total flavonoid content of the shoot was the highest under RGB (0.72 mg g−1), followed
by W (0.64 mg g−1), R (0.48 mg g−1), B (0.46 mg g−1), and RGBFr light (0.37 mg g−1)
(Figure 4B). Root flavonoid content was highest under R (0.21 mg g−1), but there was
no significant difference between treatment groups (Figure 4B). Total flavonoid content
was higher under RGB (0.9 mg g−1) than W (0.82 mg g−1) and lowest under RGBFr light
(0.55 mg g−1) (Figure 4B).

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of shoots was
highest under W (62.6%), followed by R (53.6%), RGB (44.8%), RGBFr (22.5%), and lowest
under B light (20.2%) (Figure 4C). In contrast, DPPH activity in roots was highest under
R (20.3%) and lowest under B (4.6%) (Figure 4C). Total DPPH activity was highest under
R (73.9%), followed by W (70.6%), RGB (56.3%), RGBFr (37.6%), and lowest under B light
(24.8%) (Figure 4C).

The 2,2′-azinobis-(3-ethyl-benzothiazoline)-sulfonic acid (ABTS) radical scavenging
activity of shoots was highest under W (54.2%), followed by R (50.7%), RGB (36.4%), RGBFr
(19.2%), and lowest under B light (17.5%) (Figure 4D). Root ABTS activity was highest
under R (24.6%) and lowest under W (4.2%) (Figure 4D). Total ABTS activity was highest
under R (75.3%), followed by W (58.4%), RGB (50.6%), RGBFr (29.9%), and lowest under B
light (22.5%) (Figure 4D).

3. Discussion
3.1. Morphogenesis

In the present study, leaf growth parameters, such as length, width, and leaf area, were
highest under R as compared to the control treatment. Ohashi-Kaneko et al. [15] found
that Brassica campestris leaf growth was also greatest under R light. According to Wu and
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Lin [16], Protea cynaroides plantlets grown under R LEDs produced a significantly higher
number of new leaves compared to those grown under other LED treatments. The fresh
and dry weights of R. hongnoensis shoots were similar under R and RGB light conditions
in the present study. Heo et al. [17] reported that the fresh and dry weights of grape
increased under R light. Lee et al. [18] demonstrated the shoot and root growth-promoting
effect under different light conditions, including R light, which was also observed in the
present experiments.

Pecháčková [19] noted that root growth and development can be altered by light qual-
ity. Root growth was enhanced under R, RGB, and RGBFr treatment in the current study,
indicating that light sources containing R had a favorable effect on this parameter. Similar
observations were reported in Gossypium hirutum [20], and Chrysanthemum morifolium [21],
where R LEDs were found to stimulate root formation. According to Wu and Lin [16],
Protea cynaroides root growth was highest under R light. Simlat et al. [21] also reported that
R light had a positive effect on root growth.

In the present study, all evaluated growth parameters of R. hongnoensis were lowest
under B, suggesting that B light did not promote growth. A similar result was reported by
Heo et al. [17] who demonstrated the growth inhibitory effect of B light in the sprouts of
some greenhouse crops. In addition, Wu et al. [22] reported that the elongation of Solanum
lycopersicum was inhibited by B light.

3.2. Photosynthesis

Light provides energy for photosynthesis, and thus light quality has major influence
on the process [9]. In the present study, photosynthesis was greatest under RGB compared
the control W light condition, followed by RGBFr and R, while B light treatment resulted
in the lowest photosynthetic activity. Similar results were reported by Kim et al. [12], who
demonstrated that RGB treatment enhanced lettuce growth. Although the combination of
R and B LEDs has great potential use as a light source for enhancing photosynthesis, plants
have adapted to utilize a wider spectrum of light to control photomorphogenesis [23].
Emerson and Rabinowitch [24] reported that photosynthesis was enhanced under the
concurrent application of two light beams of different quality.

The transpiration rate and stomatal conductance increased under RGBFr, RGB, and
B light in the present study. A similar result was reported by Yorio et al. [25], who
reported that stomatal opening was stimulated in the leaves of lettuce grown under R LED
light supplemented with B light. B light strongly affects plant growth and development,
including leaf size, stomatal opening, and photosynthesis [26]. In the present study, the
photosynthetic efficiency of R. hongnoensis leaves was improved under all light sources
containing R light, while monochromatic B light had a negative effect on photosynthesis.
Similar results were reported that R light was important for photosynthetic apparatus
development as it enhanced starch accumulation in various plant species by inhibiting the
translocation of photosynthates out of leaves [27,28].

3.3. Antioxidant

Light is known to affect not only plant growth and development but also the biosyn-
thesis of primary and secondary metabolites [29]. Various LED radiation treatments have
been reported to promote antioxidant enzyme activity [21]. In the present study, we also
observed that different LED light treatment affected the activity of reactive oxygen species-
scavenging enzymes in R. hongnoensis. SOD, commonly called metalloenzyme, decomposes
two highly reactive O2

− to produce H2O2 and O2 [30]. CAT, APX, and GPX reduce H2O2
to water and molecular oxygen [30]. In R. hongnoensis shoots, the production of H2O2 and
O2 increased as the SOD activity increased under B light, and the CAT and APX activities
were also increased to degrade the increased H2O2. B LED treatment was promoted on
ROS-scavenging enzyme activity (SOD, CAT, and APX), opposite to that of R treatment [31].
It is interesting that the GPX activity of root under W and RGBFr is lower than shoot. Al-
though the lower dry weight of the roots under the W treatment might suggest that the
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root growth in the container was less stressful, it is not clear why the GPX activity was
lower in the RGBFr treatment.

In addition to antioxidant enzymes, plants produce various antioxidant compounds,
such as phenols, in an attempt to respond and adapt to various biotic as well as abiotic stres-
sors that would otherwise damage the photosynthetic apparatus [32]. Phenols are abundant
secondary metabolites in plants and act as natural antioxidants with a wide range of bio-
logical activities, including antioxidant, anticancer, antibacterial, and anti-inflammatory
activities [33]. In the present study, B light clearly suppressed the accumulation of phenol
contents in R. hongnoensis. Zheng and Van Labeke [34] reported that total phenol content
in the leaves of Dendranthema morifolium was suppressed under B light, although this
effect depended on the cultivar. B, R, and FR wavelengths also regulate the biosynthesis
of phenol contents in a direct or indirect manner through signaling, which leads to the
expression of key enzymes, or through upregulating the production of shikimic acid, which
is a precursor of phenol contents [35]. Moreover, the activity of phenylalanine ammonia
lyase (PAL), a major enzyme involved in phenolic biosynthesis, is known to be regulated
by light quality [36]. The total phenol content of shoots and roots in the present study
was highest under R, being higher in shoots. R LEDs have been widely employed as an
alternative source of illumination for in vitro survival as well as for enhancing metabolite
production in medicinally important plants [37]. Shohael et al. [38] demonstrated that R
light induced the synthesis of secondary metabolites in Eleutherococcus senticosus, resulting
in the highest total phenol content, as opposed to B light under which phenol content
was lowest.

Plant growth and flavonoid biosynthesis are stimulated by multiple factors, including
the specific characteristics of visible light quality [39]. Our study confirmed that RGB light
resulted in the greatest accumulation of flavonoid contents in R. hongnoensis leaves, while
the lowest accumulation was under B light. In contrast, Taulavuori et al. [39] found that G
and B light increased the flavonoid content in tobacco leaves and red leaf lettuce. B LED
exposure was also reported to increase the total flavonoid content of C. paliurus leaves
by 37.7% and their quercetin content by 184.6% when compared to W LED after 60 days
of treatment [40]. According to a study by Ouzounis et al. [41], the flavonoid content in
tomatoes increased under 12% R supplementation, depending on the genotype. The high
flavonoid content generated under RGB light conditions in the present study is believed to
be due to the synergetic effect of R, G, and B light.

DPPH and ABTS were employed for the assessment of phenol content antioxidant
capacity in the present work [42]. DPPH is a stable free radical that becomes a stable diamag-
netic molecule by accepting electrons or hydrogen radicals [42]. In this study, the antioxi-
dant activity of R. hongnoensis differed depending on light quality. Similarly, Shiga et al. [43]
reported that the DPPH free radical scavenging activity of Ocimum basilicum L. was greater
under R light than under B light. The antioxidant capacities determined via both methods
(DPPH and ABTS) were in an agreement with the total phenol content of plants determined
in our study. The present results are consistent with those of several other studies [44].
Chen et al. [45] reported a significant positive correlation between the total phenol content
of persimmon and DPPH as well as ABTS radical scavenging activity. Therefore, it was
concluded that the phenol contents of R. hongnoensis were increased under R light, thus
improving antioxidant capacity.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Germinating R. hongnoensis seeds (NIBRGR0000624110) provided by the National
Institute of Biological Resources were used. Among the germinated seedlings, individuals
with two or more true leaves were selected and transplanted into 72-cell plug trays with
a commercial medium (Baroker; Seoul Bio Co., Ltd., Eumseong, Korea) and were grown
under LED light for 8 weeks. After 4 weeks of LED light treatment, plants were transplanted
into pots (10 cm in diameter), and after another 6 weeks, plants with a height of 8 cm
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or more were transplanted into pots (20 cm in diameter). During the experiment, air
humidity in the cultivation room was maintained at 60%, the temperature was 23 ◦C, and
the photoperiod was 12/12 h (dark/light), with tap water irrigation twice a week.

4.2. Light Treatment

The light source used in the experiment was an LED lamp (1280W, KNP LED, Daegu,
Korea). Five types of single and mixed light sources were applied in different experimental
treatment groups, including W light as a control, in addition to R (660 nm), B (444 nm), G
(519 nm), and Fr (732 nm) LEDs. The light intensity was maintained at 200 µmol m−2 s−1

PPFD, and all treatments included 404 nm 20 µmol m−2 s−1 PPFD. The average PPFD
was measured with a light meter (MK350, UPRTek, Jhunan, Taiwan) at a distance of 32 cm
above the bench top. The spectral distribution of light in the experiment was measured
using a spectroradiometer (MQ-200, Apogee, Logan, USA) 32 cm above the bench top,
at 1-nm wavelength intervals. The spectral distribution and characteristics measured at
three locations within the plant growing area for each treatment are shown in Figure 5.
A completely randomized block design with 3 replications and 5 seedlings per treatment
was used in the experiment. The treatment of locations in a controlled environment were
randomly mixed between replications in order to minimize positional effects.
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Figure 5. The spectral distribution of lights used in the closed walk-in growth chamber. Light quality
used included W, white (as the control) light-emitting diodes (LEDs); R, red LEDs; B, blue LEDs;
RGB, combined LEDs of R, green (G), and B at 7:1:2; and RGBFr, combined LEDs of R, G, B, and
far-red (Fr) at 7:1:2:1.

4.3. Growth Characteristics

Four weeks after treatment, plant height, leaf length, leaf width, leaf area, number
of five-leaflets, root length, as well as the fresh and dry weights of shoots and roots were
measured. Leaf area was measured using a leaf area meter (LI-3100, LICOR Inc., Lincoln,
NE, USA), and the leaf area per compound leaf was determined. The number of five-leaflets
was measured by counting the number of leaflets per compound leaf. Root length was
measured as the length of the longest root. Fresh weight was measured using an electronic
scale (CATY224, CAS Co., Seoul, Korea). Dry weight was measured after drying the tissues
for 48 h at 70 ◦C in a drying oven (SJ-202DM, Sejong Scientific Co., Ltd., Bucheon, Korea).

4.4. Photosynthesis Measurements

Photosynthesis was measured in the terminal leaflet of the largest compound leaf
using a portable photosynthesis system (Portable Photosynthesis system, Li-6800, LICOR
Inc., Lincoln, NE, USA). The net photosynthesis, stomatal conductance, transpiration, and
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photosynthetic water use efficiency were calculated. Photosynthesis measurements were
conducted 4 weeks after light treatment and immediately before final growth irradiation.
Measurements were performed in survey mode and were repeated four times per treatment
condition. The measurement conditions were 600 µmol·s−1 inflow air flow into the chamber,
25 ◦C temperature, 70% relative humidity, 3 cm2 leaf area, and 400 µmol mol−1 CO2. The
light source in the chamber was removed to determine photosynthetic capacity under light
conditions given to the experimental treatment.

4.5. Enzymatic Antioxidants

For the measurement of antioxidant activity, 100 mg fresh weight was added to 1 mL
of 50 mM phosphate buffer with a pH of 7.0 containing 0.1 mM EDTA. The sample was
extracted by bolting for 10 s and was then centrifuged at 4 ◦C and 13000 rpm for 20 min.
One hundred milligrams fresh weight of R. hongnoensis were added to 1 mL of 50 mM
phosphate buffer (pH 7.0) containing 0.1 mM EDTA, vortexed for 10 s, and centrifuged at
4 ◦C and 13,000 rpm for 20 min. SOD activity was measured via the method described by
Alici and Arabaci [46]. SOD riboflavin was prepared by adding 2 g pvp, 50 µL triton-X,
and 0.314 g riboflavin to 100 mL of 50 mM phosphate buffer. The SOD reaction mixture
was prepared by adding 2 mM EDTA, 9.9 mM L-methionine, and 55 µM NBT to 100 mL of
distilled water. In 1.25 mL of SOD reaction mixture, 50 µL of enzyme extract, and 200 µL of
SOD riboflavin were mixed and reacted for 15 min under light at room temperature, and
absorbance was measured at 560 nm. As a control, a reactant that was not irradiated with
light was used.

CAT activity was measured with some modifications to the method described by
Aebi [47]. The reaction mixture contained 100 µL of enzyme extract, 150 µL of H2O2, and
1.25 mL of 50 mM phosphate buffer. The change in absorbance at 240 nm was determined
at 30-s intervals for 3 min. The molar extinction coefficient of H2O2 was [40 mmol−1 cml−1]
at 240 nm.

GPX activity was measured as per the method described by Sadasivam and Manickam,
with some modifications [48]. The reaction mixture contained 100 µL enzyme extract,
20 mM guaiacol 100 µL, 30 mM H2O2 50 µL, and 1.25 mL 50 mM phosphate buffer. The
change in absorbance at 436 nm was them measured at 30-s intervals for 3 min. The molar
extinction coefficient of H2O2 was 25 mmol−1 cml−1] at 436 nm.

APX activity was measured as per the method described by Chen and Asada with
some modifications [49]. The reaction mixture contained 100 µL of enzyme extract, 50 µL
of 100 mM H2O2, and 1.3 mL of 50 mM phosphate buffer containing 0.6 mM ascorbic
acid. The change in absorbance at 290 nm was measured for 33 min. The molar extinction
coefficient of H2O2 was [2.8 mmol−1 cml−1] at 290 nm.

4.6. Extract Preparation

For the antioxidant assay, leaves, stems, and roots were harvested after 8 weeks of
light treatment. The samples obtained by dividing the leaves, stems (shoots), and roots
(roots) were frozen in liquid nitrogen and stored in a cryogenic freezer (UniFreezerU80,
Daehan Scientific Co. Ltd., Wonju, Korea) at −80 ◦C. Frozen samples were ground in a
mortar and used for the analysis. To prepare the sample extract, 100 mg of the sample and
1 mL of 50% methanol were mixed and stored for 6 h, followed by centrifugation (5424R,
Eppendorf, Hamburg, Germany) at 13,000 rpm and 4 ◦C for 20 min.

4.7. Total Phenol Content and Flavonoid Content

The total phenol content of extracts was measured as per the Folin–Ciocalteu method [50].
To prepare the sample, 100 mg of the sample and 1 mL of 50% methanol were mixed and stored
for 6 h, followed by centrifugation (5424R, Eppendorf, Hamburg, Germany) at 13,000 rpm and
4 ◦C for 20 min. Next, 500 µL of 2% Na2CO3 was added to a mixture of 450 µL distilled water,
250 µL 50% Folin–Ciocalteu solution, and 100 µL sample extract diluted 10 times, followed
by incubation in the dark for 30 min. The absorbance was measured at 765 nm using a UV
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spectrophotometer (UV–1280, Shimadzu, Japan). The total phenol content was calculated
using gallic acid as the standard.

4.8. Total Flavonoid Content

The total flavonoid content of the extract was measured according to the method of
Kumaran and Karunakaran [51]. Fifty microliters of the extract was added to a mixture
of 450 µL 80% methanol and 500 µL 2% AlCl3, vortexed for 2 s, and then reacted at room
temperature for 30 min. After the reaction was completed, the absorbance at 415 nm was
measured using a spectrophotometer. The total flavonoid content was calculated using
quercetin as the standard.

4.9. DPPH Radical Scavenging Assay

The DPPH radical scavenging ability of the extract was determined according to the
method of Blois [52]. DPPH was measured by adding 0.2 mM DPPH 800 µL to 200 µL
of extracted sample, allowing it to react in the dark for 30 min, and then measuring the
absorbance at 520 nm. Methanol was added instead of the sample extract as a control.
Ascorbic acid was used as the positive control instead of the sample extract.

4.10. ABTS Radical Scavenging Assay

The ABTS radical scavenging ability of the extract was determined according to the
method of Re et al. [53]. To prepare ABTS reagent, 7.4 mM ABTS and 2.6 mM potassium
persulfate were mixed and stored in the dark for 24 h, and then the absorbance at 735 nm
was adjusted to 0.7 ± 0.05. After adding 10 µL of the sample extract to 1 mL of ABTS
reagent, the mixture was allowed to react for 10 min. Absorbance was measured at 735
nm. Methanol was added as a control instead of the sample. The scavenging activity (%)
for cationic radicals and free radicals was calculated as [1−(sample/control)] × 100, and
compared with L-ascorbic acid, a control material.

4.11. Experimental Design and Statistical Analysis

Data were analyzed for statistical significance using the SAS (Statistical Analysis
System, V. 9.4, Cary, NC, USA) program. The experimental results were subjected to
analysis of variance (ANOVA) and Duncan’s multiple range test.

5. Conclusions

R light treatment resulted in greater growth and promotion of antioxidant activity in
R. hongnoensis. The results of this study demonstrated that R light increases the total phenol
content as well as radical scavenging capacity. Further studies exploring the optimal light
intensity and irradiation time are still needed in order to improve the application of R light
technology for the promotion of R. hongnoensis antioxidant capacity.
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Abstract: With the recent development of LED lighting systems for plant cultivation, the use of
vertical farming under controlled conditions is attracting increased attention. This study investigated
the impact of a number of LED light spectra (red, blue, green and white) on the growth, development
and essential oil content of lemon balm (Melissa officinalis), a herb and pharmaceutical plant species
used across the world. White light and red-rich light spectra gave the best outputs in terms of
impact on the growth and yield. For blue-rich spectra, the development and yield was lower despite
having a significant impact on the photosynthesis activity, including Fv/Fm and NDVI values. For
the blue-rich spectra, a peak wavelength of 450 mn was better than that of 435 nm. The results
have practical value in terms of increased yield and the reduction of electricity consumption under
controlled environmental conditions for the commercial production of lemon balm.

Keywords: vertical farming; 435 nm; 450 nm; white light; light quality; growth; chemical profile

1. Introduction

Lemon balm belongs to the Mint family (Lamiaceae) and grows widely in central and
southern Europe and in Asia minor. It is cultivated globally because of its culinary and
medicinal properties [1]. It has important applications as a herbal treatment for stress and
anxiety, and has antioxidant properties that are of use in pharmaceutical applications [2]
and is used in perfumes, cosmetics, tea and food products [3]. It also has antibacterial
properties and a sedative impact, and these are attributed to its flavonoid and essential oil
content [4,5]. The chemical composition of lemon balm leaves also include polyphenolic
compounds, such as trimeric compounds, rosmarinic acid and other flavonoids. Its leaves
are used in raw form as a salad vegetable in various parts of the world [6].

Light is one of the main factors influencing the physiology, growth, development and
chemical composition of plants [7]. The major impact of light in plants is on photosynthesis
which utilises Photosynthetically Active Radiation (PAR) comprising wavelengths of light
between 400–700 nm However, plants do not respond uniformly to all wavelengths of PAR
and red (600–700 nm) and blue wavelengths (420–460 nm) are the most effective at driving
photosynthesis due to the absorption capacity of the light absorbing pigments chlorophyll a
and b. Other wavebands play a crucial role in photo-morphological development, especially
in the far-red region (above 700 nm) and some might cause harm to plant cell DNA (below
400 nm, for example) [8].
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Horticultural Light Emitting Diodes (LEDs) modules have been recently developed as
artificial or supplementary grow lights [9]. They have potential for use as supplementary
lighting in glasshouses and sole-source lighting options in plant factory systems, where
plants are grown indoors under controlled environmental conditions [10]. LEDs have many
positive features, such as linear photon output, durability and long operating lifespan,
as well as a capacity for construction in large arrays that produce high PAR suitable for
plant growth and development. Furthermore, LED modules emit less heat than traditional
lighting systems such as High-Pressure Sodium, Halide and Fluorescent tubes [11–16].
More importantly, spectral specificity can be introduced through the design of the LED
array, utilising a mixture of LEDs with different wavelengths and this can be managed
through the appropriate control systems [17]. This, in turn, has a high research and
commercial application, due to the fact that plant species respond differently to various
wavelengths, owing to specific differences in their photoreceptors [8,18].

The impact of LEDs on the growth, shape, yield and edible quality parameters of
several plant species has been the subject of an increasing amount of recent research [19,20].
Moreover, a significant amount of research has confirmed the impact of LEDs on chemical
composition, such as vitamin C content, soluble sugar [21], chlorophyll content [22] and
the protein level and anti-oxidant activity of several plant species [23].

That said, a certain amount of research on the impact of LEDs and light wavelength
on lemon balm has been previously reported [7,24]. The authors of [7] compared the use of
florescent lamps (FL) with the use of white LED lights (Philips LEDs) and they reported
that light sources did not have a significant impact on the growth and yield of lemon balm
plants, but these plants were featured by a higher net photosynthesis value when grown
under FL lamps as compared to LEDs. It was also reported that lemon balm’s chemical
composition was significantly affected by the lighting conditions; for example, lemon balm
had a higher content of macro- and micronutrients when they were grown under LEDs
compared with fluorescent lamps [24]. Despite the published research about the impact
of light conditions on the growth and yield of lemon balm, a better understanding of the
impact of wavelength on the physiology, growth, yield, essential oil content and quality is
still needed. The aim of this study, therefore, is to investigate the impact of wide range of
light spectra including various combinations of blue, red and green on the physiological
and chemical traits of lemon balm. One of its main objectives is also the investigation of the
impact of blue-light wavelength sources on the physiology, growth and quality of lemon
balm, since our recently published research showed that this could have a great impact on
both growth and quality of some plant species, such as basil [17].

2. Material and Methods
2.1. Plant Material

Lemon balm (Melissa officinalis) seeds were obtained from CN seeds (CN Seeds, Py-
moor, Ely, Cambridgeshire, UK). Seeds were sown and germinated in Rockwool cubes (36
mm) under dark conditions and 22 ± 2 ◦C for 10 days, and were then transferred to an Ebb
and Flow hydroponic system in the Plant Factory facility at the University of Plymouth.
The Plant Factory facility is a converted insulated greenhouse, in which external light has
been excluded and a multi-tier hydroponic growing system, consisting of Ebb and Flow
trays with interchangeable LED light units, has been installed. The Plant Factory system
is divided into several multi-shelf hydroponic units, each consisting of three tiers. The
distance between tiers is 50 cm. Temperature and humidity were monitored using Gemini
data loggers (Tinytag Plus (part No GP-1590)) and an instantaneous thermometer (Fisher
Scientific, Loughborough, UK) at 23 ± 2 ◦C and humidity at 65 ± 5%. The dark/light period
was set to 8/16 h. Five lighting treatments were designed and applied using LuminiGrow
LED lighting systems (LuminiGrow, Shenzhen, China). The light treatments included
several combinations of blue (B), green (G) and red (red) at different ratios described as fol-
lows: T1—white (B:G:R, 1:2.3:2); T2:—blue-rich with blue peak at 450 nm (B:G:R, 1:0.02:0.8);

30



Plants 2022, 11, 342

T3—blue-rich with blue at 450 nm + green (B:G:R, 1:0.07:0.65); T4—blue-rich with blue at
435 nm (B:G:R, 1:0.02:0.8); and T5—red-rich (B:G:R, 1:0.025:1.6) (Figures 1 and 2).
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Figure 1. Spectra of the lighting treatments used, as measured by a UPRtek spectrophotometer:
(A) the radiant density of the light spectrum intensity and (B) the relative light intensity.

Plants 2022, 11, x FOR PEER REVIEW 3 of 12 
 

 

blue-rich with blue at 450 nm + green (B:G:R, 1:0.07:0.65); T4—blue-rich with blue at 435 
nm (B:G:R, 1:0.02:0.8); and T5—red-rich (B:G:R, 1:0.025:1.6) (Figures 1 and 2). 

 
Figure 1. Spectra of the lighting treatments used, as measured by a UPRtek spectrophotometer: (A) 
the radiant density of the light spectrum intensity and (B) the relative light intensity. 

  
Figure 2. Daily light integral for different light spectra of the applied light treatments. 

Light intensity from the LED lighting treatments was measured using a UPRtek spec-
trophotometer (UPRtek MK350N premium Standalone handheld spectral light meter, Tai-
wan) and adjusted to deliver 125 ± 10 µmol m−2 s−1. Daily light integral to the LED light 
treatments were calculated at 7.2 mol day−1 (Figure 2). The emitted light spectra of the 
lighting treatments were measured (relative light intensity) using a UPRtek spectropho-
tometer and corrected to show the radiant density at each wavelength (Figure 1). 

Growth and physiological responses of lemon balm to the lighting treatments were 
measured at the harvest stage (64 days from sowing). Growth/yield measurements includ-
ing plant height (cm) (n = 8) and leaf area (LA cm2) (n = 8) were made, using a leaf area 
image analyser HITACHI KP-D40 colour digital camera with a lightbox and WinDias 1.5 
software (Delta-T Devices Ltd., Cambridge, UK). Fresh weight (FW) (n = 4) and dry weight 

0

1

2

3

4

5

6

7

8

T1 T2 T3 T4 T5

D
ai

ly
 L

ig
ht

 In
te

gr
al

) (
D

LI
) (

m
ol

 d
ay
−1

) 

Light treatments

PPF-B PPF-G

Figure 2. Daily light integral for different light spectra of the applied light treatments.

Light intensity from the LED lighting treatments was measured using a UPRtek
spectrophotometer (UPRtek MK350N premium Standalone handheld spectral light meter,
Taiwan) and adjusted to deliver 125 ± 10 µmol m−2 s−1. Daily light integral to the
LED light treatments were calculated at 7.2 mol day−1 (Figure 2). The emitted light
spectra of the lighting treatments were measured (relative light intensity) using a UPRtek
spectrophotometer and corrected to show the radiant density at each wavelength (Figure 1).

Growth and physiological responses of lemon balm to the lighting treatments were
measured at the harvest stage (64 days from sowing). Growth/yield measurements in-
cluding plant height (cm) (n = 8) and leaf area (LA cm2) (n = 8) were made, using a leaf
area image analyser HITACHI KP-D40 colour digital camera with a lightbox and WinDias
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1.5 software (Delta-T Devices Ltd., Cambridge, UK). Fresh weight (FW) (n = 4) and dry
weight (DW) (g) (n = 4) were measured after removing the root system, using a Fisher
Scientific SG-402 laboratory balance. For dry weight, plants were dried at 60 ◦C for 96 h [25].

2.2. Chlorophyll Fluorescence Imaging System (Fv/Fm and NDVI)

Fluorescence image acquisition was performed with a PSI open FluorCam FC 800-O
(PSI (Photon Systems Instruments), Drasov, Czech Republic) applying a protocol de-
rived from Méline et al. [26]. The system has four individual LED panels in two pairs.
The first pair of LED panels provides an orange actinic light with an intensity up to
400 µmol m−2 s−1, and a wavelength of approximately 620 nm. A second pair of LED
panels gives a saturating pulse with an intensity up to 3000 µmol m−2 s−1, with a blue
wavelength around 455 nm. The system sensor is a CCD camera, which has a pixel
resolution of 512 by 512 and a 12-bit dynamic. When photosynthetic yield is at zero, flu-
orescence emission reached a maximum (Fm). Fv, a variable fluorescence, defined as the
difference Fm − F0. Fv and Fm, are used to calculate the maximum quantum yield of QY
max = Fv/Fm. This was measured after 20 min of dark adaptation. Another important
vegetative index called “normalized difference vegetation index” (NDVI), is based on the
spectral reflectance of plants in the near infrared region (λ = 700–1300 nm) and the visible
red range (λ = 550–700 nm) of the electromagnetic spectrum. Dark adaptation is 20 min
and calculation of NDVI is:

NDVI = (NIR − Red)/(NIR + Red)

2.3. Chlorophyll Content

Chlorophyll content was evaluated, using the method described by [27]. Plant tissue
(leaves) (0.2 g) was ground with 10 mL 80% acetone. The final volume was made up to
10 mL with 80% acetone and then centrifuged for 3 min. Absorbance was measured against
an 80% acetone blank. Supernatant (2 mL) was placed in a cuvette and the absorbance was
measured at 663.6 (A663.6) and 646.6 (A646.6), using a Jenway 7315 (Staffordshire, UK). The
formulae are based on the absorbance maxima of each pigment and are dependent on the
solvent used. The formulae for samples dissolved in acetone are as follows:

Ca = 12.25 A663.6 − 2.55 A646.6

Cb = 20.31 A646.6 − 4.91 A663.6

Total C = 17.76 A646.6 + 7.34 A663.6

where Ca: chlorophyll A, Cb: chlorophyll B, Total C: total chlorophyll.
The values obtained were converted to estimate the chlorophyll content per gram of

fresh weight, following the procedure described by [27].

2.4. Essential Oil Analysis

Leaves were collected and dried, then 10 g were ground in a mortar and pestle. The
essential oil was extracted employing the Soxhlet method, using absolute ethanol (Thermo
Fisher Scientific, Loughborough, UK) as a solvent [28]. Through this method, 10 g of dry
lemon balm was extracted for 4 h. Once the extraction was complete, essential oil was
separated from the solvent, using a BÜCHI R-124 Rotary Evaporator System (BUCHI UK
Ltd., Suffolk, UK). The essential oils were then collected in a vial. The vial was weighed
before and after the extraction to calculate the quantity of the essential oil obtained.

2.5. Statistical Analysis

The main experiment consisted of 5 lighting treatments with 4 replicates, each consist-
ing of 15 plants. Treatments were randomised at each replication. Results were presented
as means ± standard error (S.E.). All data were subjected to analysis of variance (ANOVA)
using Minitab software (version 19). Tukey’ post hoc test was used for determination of
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significant differences between the treatments. Comparisons of means were made using
the least significant difference (LSD) test at a 95% level of probability.

3. Results
3.1. Growth/Yield Responses to LED Light Treatments

Although all lighting treatments produced plants of an acceptable commercial quality,
there was a significant impact of different spectra on various growth and yield parameters.

White light (T1), which is the only spectrum that included a high level of green
wavelengths in addition to red and blue, had a significant impact of the average fresh
weight (p = 0.004), average dry weight (p = 0.018), plant height (p ≤ 0.001) and internodes
(p ≤ 0.001) in comparison with other light treatments (Figure 3A–C,F). Red-rich treatment
(T5) also seemed to have a positive impact on plant height and internodes in comparison
with other treatments, apart from the white light treatment (Figure 3C,F).
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at the harvest stage (64 days from sowing) (Means denoted by a different letter indicate significant
differences between treatments (p < 0.05)).

Red-rich light treatment (T5) had a significant positive impact on leaf area compared
with other light spectra (p ≤ 0.001). Light spectrum did not significantly impact the number
nodes (p = 0.918) (Figure 3E).

With regards to the impact of blue light wavelength (T2 and T4), using blue light at
450 nm (T2) produced larger plants (fresh and dry weights) and bigger leaf area compared
to the use of 435 nm (T4) (Figure 3A,B,D respectively). However, no significant impact of
the blue source was observed on plant height (Figure 3C).

3.2. Physiological and Chemical Responses to LED Light Treatments
3.2.1. Fv/Fm Ratio and NDVI Indicators

Light treatments had a significant impact on Fv/Fm value (p = 0.016) and NDVI
(p = 0.024) (Figure 4). Blue-rich spectrum with 435 nm used as a source of blue light had a
significant impact on both Fv/Fm and NDVI. White spectrum (T1) and blue/red treatment
that included some green in the spectrum combination (T3) had a negative impact on both
Fv/Fm and NDVI (Figure 4).
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3.2.2. Chlorophyll Content

There were only small and non-significant differences in chlorophyll content among
the lighting treatments either for chlorophyll A, chlorophyll B or total chlorophyll (p = 0.227,
p = 0.620 and p = 0.315 respectively) (Figure 5).
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3.3. The Impact of Light Treatment on the Essential Oil Content in Lemon Balm

Light treatment had a significant impact on essential oil content per plant of lemon
balm. White light treatment had a significant impact on the essential oil yield of lemon
balm in comparison with other light treatments (p ≤ 0.001) (Figure 6). Moreover, Blue-rich
with blue at 435 nm (T4) had a negative impact on the essential oil content.
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4. Discussion

Melissa officinalis (lemon balm) is an important source of active chemicals, such as triter-
penes, flavonols, phenolic acid and many other important pharmaceutical compounds [29].
Similarly to other pharmaceutical plant species, the growth, yield and chemical composi-
tions of these species are affected by environmental factors when grown under open-field
conditions. However, with the recent fast development of LED grow lighting systems and
the increasing efficacy of these systems, growing pharmaceutical plants, such as lemon
balm, vertically under controlled environmental conditions is now viable and has potential
commercial value. Vertical farming (plant factory) is a novel plant-production system that
allows local production of high-quality pharmaceutical plant species [30]. In the plant
factory system, LEDs are used as the sole source of lighting and provide a unique tool
for promoting growth, yield and quality. However, plant species respond differently to
lighting conditions and therefore it is crucial to vary light spectra and intensity to suit the
requirements of individual plant species [4,17,31].

In terms of lemon balm, white (50% cool white + 50% warm light) light improved
the growth traits, including fresh and dry weight, plant heights and internode spacing.
This highlights the great impact of green spectrum on the growth of this plant species,
since white light has a significant amount of green, which is higher than both the blue
and the red spectra. This also could be due to the impact of other wavelengths such as
orange, yellow, etc., which existed in the full spectrum of white and did not exist in the
other described treatments in this research. This finding is in accord with other research
indicating the positive impact of white light on the growth and development of plants,
even by comparison with blue light added to red LEDs [32].

Kim et al. [20] reported that lettuce plants grown with spectra that included green
light had better growth levels, including fresh and dry weights, than those grown with
red/blue only. However, the current findings disagree with those of [10,17] which had
indicated the positive impact on the development and growth of basil of focusing light in
the red and blue regions. The observed differences could, however, be due to the differing
responses to light of the two plant species.

The current finding showed a high positive impact of red-rich light spectra on the
growth parameters of lemon balm, including fresh and dry weight, height and leaf area.
Lin, Huang and Hsu [33] reported a significant positive impact of high level red light on
the growth and development of green and purple basil plants. Red light is one of the
essential components in lighting spectra for plant growth and red light alone is sufficient
for normal plant growth and photosynthesis [34]. The current results are also in accord with
what has been reported of the yield reduction associated with a high level of blue light in
light spectra, a phenomenon that had been linked previously with lower internode length
and smaller leaf area [32,35], and which was also observed in the current study. It was
reported that red light matches the assimilation peak of the photoreceptors phytochrome
and chlorophyll and that the combination of red–blue light for growing plants causes a
greater improvement in the maximum photosynthetic rate than monochromatic light, as
a consequence of the activation of cryptochromes, phytochromes and chlorophyll [36].
However, the current findings do not agree with what was reported by [4,17] concerning
the significant impact of high-level blue light compared with red light in the light spectrum
on the growth and development of basil. These conflicting results could be attributed to a
difference in experimental conditions, such as the light intensity, the temperature and the
plant species that was studied. One of the main challenges to the replicability of research
results in LED lighting applications could be caused by the high variability of experimental
setups [17,32]. For example, while 125 µmol m−2 s−1 PPFD was applied in the current
research, high PPFD values, e.g., 300 µmol m−2 s−1, were applied by [17].

The use of 435 nm as a source of blue light instead of 450 nm, which is widely used in
commercial undertakings, had a negative impact on the yield parameter of lemon balm.
This contrasts with what was reported by [17] regarding the significant positive impact of
this wavelength on the growth and development of basil. However, a significant number of
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research studies have reported the role of blue at 450 nm on the growth and development of
plants [32]. These differences could be due to the genetic, physiological differences between
plant species. Further research on the impact of blue light variations on plants is necessary.

Light spectra did not have a significant impact on the chlorophyll content of lemon
balm. It is possible that the level of chlorophyll was not affected by the light treatment
because all the treatment contained a sufficient level of blue and red in the spectrum
combinations. It has previously been reported that LED light supplying RB increased the
total amount of chlorophyll in Chinese cabbage leaves, compared with the concentration
of chlorophyll in plants treated with blue or red light only [37,38]. Chen et al. [35] found
that the chlorophyll content of lettuce leaves was higher when plants were grown under a
mixture of red and blue spectra, compared to growth with blue or red light only.

The impact of light spectra on the photosynthesis activity of lemon balm was evaluated
using a Chlorophyll Fluorescence Imaging system. Chlorophyll fluorescence imaging is an
extremely important technique for the non-invasive study of photosynthesis dynamics in
intact plants, algae and in cyanobacteria for the measurement of chlorophyll fluorescence
kinetics. This device/technique was used to calculate the maximum quantum yield of QY
max = Fv/Fm. An interesting finding of the current study was that blue light at 435 nm
has a significant positive impact on both Fv/Fm and NDVI indicators compared to other
light treatments. Moreover, the use of 435 nm as a source of blue has a significant impact
on these indicators as compared to the same treatment with 450 nm used as a source of
blue. This finding agrees with that of Rihan et al. (2020) on the significant impact of 435 nm
wavelength compared with 450 nm wavelength in terms of its effects on the photosynthesis
activity of basil. The 435 nm treatment had a positive impact on the stimulation of PS I
in the photosynthesis process in Cyanobacteria Bacteria and Arabidopsis thaliana [39]. This
could explain the significant increase in the Chlorophyll Fluorescence Rate (Fv/Fm) and the
NDVI indicator observed in the current research. A fluorescence spectral analysis showed
that Chamomile pollen reaches a peak in a blue light region of 435 nm [40]. However,
in the current study, the significant photosynthesis activities did not translate into an
improvement in the growth rate of lemon balm. There could be several reasons for this,
including differences in the experimental conditions, such as light intensity, temperature,
etc. More research is needed for a further understanding of the conflicting findings with
regard to the photosynthesis parameters and growth traits observed in this plant species.

Although no significant impact of light spectrum on the content of essential oil was
observed, there was a clear negative impact of blue 435 nm on the essential oil content. How-
ever, further studies of the impact of light spectra on the quality and chemical composition
of lemon balm oil are needed.

5. Conclusions

Between a wide range of light spectra, including white, red/blue in various ratios
and blue at different wavelengths, the best results in terms of the impact of light spectra
on growth and yield were obtained using white light (50% cool white + 50% warm white).
This has a high practical application, as white light has wide commercial availability and is
user friendly. Moreover, blue light sources seem to have a significant impact on the growth
and physiology of lemon balm. While blue at 450 nm promoted growth and increased the
yield, blue at 435 nm had a significant impact on the photosynthesis activities.
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Abstract: Growth and development of Physcomitrium patens is endogenously regulated by phytohor-
mones such as auxin and cytokinin. Auxin induces the transition of chloronema to caulonema. This
transition is also regulated by additional factors such as quantity and quality of light, carbon supply,
and other phytohormones such as strigolactones and precursors of gibberrelic acid. On the other
hand, cytokinins induce the formation of bud initials following caulonema differentiation. However,
the influence of external factors such as light or nutrient supply on cytokinin-mediated bud initial
formation has not been demonstrated in Physcomitrium patens. This study deals with the effect of
light quality and nutrient supply on cytokinin-mediated bud initial formation. Bud initial formation
has been observed in wild type plants in different light conditions such as white, red, and blue light
in response to exogenously supplied cytokinin as well as glucose. In addition, budding assay has
been demonstrated in the cry1a mutant of Physcomitrium in different light conditions. The results
indicate that carbon supply and red light enhance the cytokinin response, while blue light inhibits
this process in Physcomitrium.

Keywords: red light; blue light; glucose; bud initial; nutation; phytochrome; cryptochrome; cytokinin

1. Introduction

In recent years the moss Physcomitrium patens (formerly Physcomitrella patens) has
emerged as a major non-angiosperm plant model [1–3]. Mosses are considered to be among
the earliest land plants. They predominantly exist as haploid gametophyte. The sporophyte
is represented by a gametophyte-dependent spore-producing capsule for a shorter time.
The gametophytic moss body has two developmental forms such as (i) protonema, a
filamentous structure and (ii) gametophore, a miniature plant-like leafy structure. Moss
spores on germination give rise to protonema. Protonema consists of chloronema: a
chlorophyll-rich structure, with individual cells separated by a longitudinal cell wall; and
caulonema: chlorophyll-deficient protonema cells with oblique cell wall. Chloronema are
the first-formed cells upon spore germination. Caulonema arise from chloronema and
they further give rise to bud initials or gametophore buds, which later produce the leafy
gametophore [1]. In mosses these transitions are under the control of hormones. Classical
plant hormones such as auxin, cytokinins (CKs), and abscisic acid (ABA) are present in
mosses including Physcomitrium [4–7]. Presence of true gibberellic acid (GA) has not been
reported in mosses; however, intermediates of the GA biosynthesis pathway have been
identified in Physcomitrium [8,9]. In addition, the presence of strigolactones (SLs) and
ethylene have also been reported [10,11]. Auxin enhances the transition of chloronema
to caulonema [12–16]. This transition is partly influenced by SLs and GA-biosynthesis
intermediates [8,17]. On the other hand, CKs induce branching of caulonema and formation
of bud initials in different mosses [18–24]. ABA induces brood cell or brachycyte formation
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in mosses [25]. Ethylene regulates submergence- and osmotic stress-related responses in
Physcomitrium [11,26]

Hormone signaling pathways are primarily regulated in response to environmental
signals such as light. Light and hormone signals interact to regulate multiple developmen-
tal responses across the plant kingdom from algae to flowering plants [27,28]. Sunlight
is a mixture of different wavelengths of light. However, plants primarily rely on specific
wavelengths of light such as blue, red, and far-red (FR) to regulate the developmental
responses. Plants perceive the quality, quantity, direction, and duration of light by differ-
ent photoreceptors such as phytochromes (PHYs), cryptochromes (CRYs), phototropins
(PHOTs), ZEITLUPE (ZTL), and UV resistance locus-8 (UVR8) proteins [29]. PHYs sense the
ratio of red light (RL) and FR light (R:FR) in the environment and enable the plants to avoid
shade or low light conditions [30,31]. On the other hand, CRYs, PHOTs, and ZTLs perceive
blue light (BL) and UVR8 protein responds to ultra violet-B (UV-B) light [32–35]. Most of
these photoreceptors (except PHOTs) upon activation by light, interact with transcription
factors and modulate gene expression. These photoreceptors regulate multiple growth and
developmental responses such as seed germination, seedling de-etiolation, shoot and root
development, plastid development, chloroplast relocation, flowering, shade avoidance,
phototropism, circadian rhythm, and photoperiodism [36–38]. The early land plant model
Physcomitrium possesses all of these photoreceptors except ZTL [39–43]. Light regulates
spore germination, protonema branching, phototropism, polarotropism, and chloroplast
movement in Physcomitrium [44–47].

In higher plants light and hormone signals interact to regulate seed germination,
hypocotyl elongation, flowering, fruit and root development, phototropic responses, and
shade avoidance [28,48]. Light signals have also been shown to influence hormonal re-
sponse in mosses. Higher amount of light enhances the chloronema–caulonema transition
in Physcomitrium, which is an auxin-mediated process. This is primarily a photosynthetic ef-
fect, where the high energy condition enhances the caulonema differentiation [49]. Not only
light quantity but light quality also influences this differentiation. Caulonema formation is
enhanced under RL in Physcomitrium. On the contrary, BL inhibits this response through
suppression of auxin-signaling components [40]. It appears that RL and BL regulate auxin
response in opposing manners to balance the developmental transition of Physcomitrium in
the natural environment [27].

While the chloronema–caulonema transition is a two-dimensional (2D) division, for-
mation of bud initials, which are the precursors of leafy gametophores, marks the initiation
of three-dimensional (3D) growth in mosses. This is an important event in the acquisition
of land habitat and evolution of plant form. Bud initial formation, which is a CK-mediated
process, has been reported to be influenced by light quality. In Pohlia nutans bud initial
formation is induced under RL, but suppressed in BL [50]. The inhibitory effect of BL is
partly suppressed when the protonema are cultured in kinetin-supplemented medium [51]
or in a mixture of BL and RL [50]. In a study, protonema of Funaria produced lesser number
of bud initials in response to exogenously supplied CK under RL and BL as compared
to white light (WL). Interestingly, the protonema side branches showed curling under
RL (nutations) [52], which may be the early signs of bud initial formation. Protonema,
cultured in glucose- and CK-supplemented medium under dark, produced bud initials
upon exposure to regular pulses of RL. This enhancing effect of RL was partly inhibited
upon exposure of FR [52]. These facts indicate that RL enhances the bud initial formation,
while BL and FR light inhibit the same in Funaria. In Physcomitrium, growth responses
of protonema and gametophores are regulated by PHYs [44], however the role of light
in regulating bud initial formation has not been demonstrated clearly. Physcomitrium has
seven copies of PHYs such as PpPHY1-PpPHY4 and PpPHY5a-PpPHY5c [39] as well as
two copies of CRYs such as PpCRY1a and PpCRY1b [40]. PHYs regulate cytoplasmic events
such as phototropism, polarotropism, and chloroplast movement in protonema [40,46].
CRYs regulate protonema branching and phototropism in Physcomitrium. The cry mutants
of Physcomitrium produce more gametophores under WL. This indicates that CRYs most
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likely inhibit bud initial formation [40]. However, it is not clear how CRYs play a role in CK
signaling. These mutants have altered sensitivity to auxin signals [40], but it is not known
whether the sensitivity or biosynthesis of CKs is altered in these mutants.

Apart from light quality, nutrient or carbon supply (energy status) also affect the
growth and development of mosses. In Funaria, glucose has been shown to enhance CK-
induced bud initial formation and this process in the dark was shown to be accelerated
in presence of both sucrose and kinetin, but not in presence of sucrose alone [21]. This
indicates that bud initial formation is not dependent on carbon supply, but it enhances the
effect of kinetin which induces bud induction in the absence of light [53]. Later it was shown
that glucose accelerated protonema growth and bud initial formation in Funaria in low
irradiance light but had no significant effect in high irradiance light. In fact, more number
of bud initials were formed under high irradiance light compared to low irradiance light,
irrespective of the presence or absence of glucose [52]. Ceratodon purpureus showed earlier
bud initial formation in medium supplemented with both sucrose and kinetin compared
to medium with kinetin alone [22]. In Physcomitrium turbinatum bud initials have been
shown to develop, even when the requisite light was provided in a discontinuous manner
(divided into different combinations of light and dark periods). It has been hypothesized
that light is responsible for synthesis of a morphogenic substance, which is required in
optimum amount for bud induction. This substance accumulates over time in a cumulative
manner under discontinuous light and induces bud formation upon reaching the optimum
level [54]. Sugars are suitable and logical candidates for this purpose [7]. In fact, bud
formation was delayed when the protonema of Physcomitrium turbinatum were cultured in
medium without sugar [54]. Most of the earlier studies conducted to elucidate CK action
in mosses have used carbon sources such as glucose or sucrose. It has been postulated
that carbon sources may have an enhancing effect on CK-mediated bud formation in
mosses [7]. However, carbon sources may also have a negative effect on the growth and
development of mosses. For example, glucose has been reported to enhance protonema
growth (primarily caulonema) in Bryum billarderi, but it inhibits the bud initial formation in
presence of CKs [55]. Interestingly glucose enhances protonema development and shoot
growth in Bryum argentium, but inhibits these processes in Atrichum undulatum [56].

Light quality and energy supply have been demonstrated to have a significant effect
on auxin-mediated protonema differentiation in Physcomitrium [40,49], but the influence of
these factors on CK-mediated bud initial formation has not been demonstrated. In this study
we evaluated bud initial formation in wild type (WT) protonema with respect to glucose
and light quality (WL, BL, and RL) using growth chambers equipped with light emitting
diodes (LEDs) as light sources. In addition, we also evaluated the budding response in the
cry1a mutant of Physcomitrium under RL, BL, and mixture of RL and BL (BR) to establish
the role of BL in CK-mediated budding. Results suggest that while RL and carbon supply
promote gametophore bud formation, BL inhibits this process in Physcomitrium.

2. Materials and Methods
2.1. Culture and Growth Conditions

WT strain of Physcomitrium patens (Hedw.) Mitt. and cry1a mutant [40] were used
as plant material. Protonema cultures were maintained in modified Knop solid medium
(250 mg KH2PO4, 250 mg KCl, 250 mg MgSO4·7H2O, 1000 mg Ca(NO3)2·4H2O, 12.5 mg
FeSO4·7H2O, 12 g agar in 1000 mL, pH 4.5) [57,58] overlaid with cellophane disk (80 mm
diameter, type 325 P, AA Packaging, Preston, UK) in 9 cm petri dishes by weekly sub-
culturing. The culture medium was supplemented with Hogland’s A-Z trace element
solution (1 mL/1000 mL Knop medium) (614 mg H3BO3, 389 mg MnCl2·4H2O, 110 mg
Al2(SO4)3·K2SO4·24H2O, 55 mg CoCl2·6H2O, 55 mg CuSO4·5H2O, 55 mg ZnSO4·7H2O,
28 mg KBr, 28 mg KI, 28 mg LiCl, 28 mg SnCl2·2H2O, 25 mg Na2MoO4·2H2O, 59 mg
NiCl2·6H2O in 1000 mL) [59]. One week old protonema tissues were ground with tissue
homogenizer (Omni International, Kennesaw, GE, USA) and transferred to fresh Knop
solid medium overlaid with a cellophane disk every week.
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To observe the effect of light and glucose on bud initial formation, one week old pro-
tonema were ground and cultured in 100 mL liquid Knop medium (pH 4.5) in Erlenmeyer
flasks capped with Silicosen® silicone sponge plugs (Hirschmann Laborgeräte, Eberstadt,
Germany). The ground protonema were grown under constant light (70 µmol·m−2·s−1) for
four days (22 ◦C) in a photo-incubator shaker (Innova 44 Incubator Shaker, New Brunswick,
Eppendorf, Hamburg, Germany) at 220 rpm. The four-day old protonema were used to
observe the effect of light and glucose on CK-mediated bud initial formation.

Kinetin solution (Sigma-Aldrich, Catalag No. K0753) was prepared by dissolving it in
0.1 M NaOH. Four-day old WT protonema (grown in liquid medium under constant light)
were cultured in liquid Knop medium (pH 5.8) supplemented with kinetin (1 µM) and
without kinetin (control) in different light conditions such as WL, BL, and RL both in the
presence of glucose (1%) (Sigma-Aldrich, Catalog No. G8270) or without glucose for two
days in a long day (LD) condition (16 hr light/8 hr dark). Individual colonies were then
observed and photographed in an Olympus IX73 or Zeiss Stereo Discovery.V20 microscope.
Images were analyzed by Image J for counting the buds.

To study the role of BL in bud initial formation, WT and cry1a protonema from four-
day old suspension culture were grown in liquid Knop medium (pH 5.8) with glucose
(1%) in the presence or absence of kinetin (1 µM) for two days under WL, RL, BL, and a
mixture of BL and RL (BR light). Individual colonies were then observed, photographed
and analyzed as described earlier. The role of BL was further verified by culturing the WT
protonema in BR light in the absence of glucose with or without kinetin. WT protonema
were also cultured in FR light (in glucose containing medium with and without kinetin) to
analyze its effect on bud initial formation.

The results were analyzed by Kruskal–Wallis ANOVA using GraphPad Prism (Version 9)
or OriginPro 2019. Post hoc analysis was carried out using Bonferroni’s correction with
a statistical significance of p < 0.05. The results were presented in median values using
box plots.

2.2. Light Treatment

WL (50 µmol·m−2·s−1) was provided by plant growth chambers (Percival Scientific
Inc. Perry, USA, Model No. CU36L6) equipped with fluorescent light, maintained at 22 ◦C.
BL (30 µmol·m−2·s−1, 460 nm), RL (50 µmol·m−2·s−1, 670 nm), FR (50 µmol·m−2·s−1,
730 nm) and BR light were provided by LED chambers (Percival Scientific Inc. Model
No. E-30LEDL3) maintained at 22 ◦C in a LD cycle. Light intensity and wavelength were
measured by SpectraPen LM 510 (PSI Instruments, Drásov, Czech Republic).

2.3. Phytohormone Estimation

Seven-day-old protonema tissues cultured on cellophane disks were transferred to
solid Knop medium (pH 5.8) supplemented with glucose and cultured for seven days in
16/8 hr light/dark cycle in WL. The tissue was harvested and snap-frozen in liquid nitrogen
followed by grinding with liquid nitrogen. The ground plant material was then lyophilized
(FreeZone 4.5, Labconco, Kansas City, MO, USA). trans-Zeatin (tZ) content was estimated
according to Šimura et al. [60] (modified protocol). 25 mg of the lyophilized tissue was
extracted in cold extraction buffer consisting of MeOH:H2O:HCOOH (15:4:0.1) with 25
mg trans-[2H5] Zeatin as internal standard. tZ was then purified and quantified by liquid
chromatography coupled with triple-quadrupole-trap MS/MS (QTRAP 6500+ LC-MS/MS,
SCIEX, Framingham, MA, USA). The experiment was repeated three times and data were
presented as mean ± SEM. Phytohormone estimation was done in the metabolomics facility
of the National Institute of Plant Genome Research (NIPGR), New Delhi, India.

3. Results
3.1. Gametophore Bud Formation Is Increased in Red Light and in Presence of Glucose

Kinetin-induced bud initial formation was observed in WT protonema of Physcomitrium
under WL, BL, and RL in the presence and absence of glucose.
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Bud initial formation was not observed in the controls (no kinetin), neither in the
presence nor the absence of glucose (Figure 1a–c,g–i and Figure 2(i)a–c,g–i,(ii)a–c,g–i). No
bud initials or only insignificant amounts of bud initials were developed in protonema cul-
tured in the medium lacking glucose, but supplemented with kinetin in all light conditions
(Figures 1d–f and 2(i)d–f,(ii)d–f).

Gametophore buds were formed, when protonemata were cultured in the presence of
both glucose and kinetin under all light conditions studied (Figure 2(i)j–l,(ii)j–l). Bud initial
formation was observed to be much less in WL and BL. However, RL has a significant effect
on bud initial formation and highest number of gametophores were formed under this
light (Figure 3).

Figure 1. Morphology of protonema colonies under different light conditions. Protonema cultured in
the presence of glucose show more growth (longer filaments) (g–l) compared to those in the absence
of glucose (a–f). Protonema colonies cultured in red light in the absence of glucose do not show
protruding filaments (c,f) as observed in other colonies, but show curling of filaments or nutations
(peripheral regions). Scale Bar = 1 mm.

44



Plants 2022, 11, 707

Figure 2. (i) Portions of protonema colonies showing the peripheral regions. Colonies under WL
and BL show chloronema growth (green filaments). Colonies under RL show caulonema filaments
(i and l) having less chlorophyll. Red triangles show the nutations and red arrows show the bud
initials under RL. Scale Bar = 500 µm (0.5 mm). (ii) Portions of protonema colonies (magnified)
showing presence or absence of nutations (red triangles) and bud initials (red arrows) under different
light conditions. Nutations are present in RL in the absence of glucose, but bud initials are present in
the presence of both glucose and kinetin. Scale Bar = 100 µm.
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Figure 3. Box plots showing the comparison of bud initials formed in the presence and absence of
glucose under different light conditions (in presence of 1 µM kinetin). In the absence of glucose very
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of glucose. When glucose is present, maximum number of bud initials are formed in RL, which is
significantly higher compared to the control (WL). Similar alphabetical letters indicate the significant
difference between the bud initial numbers in the given condition (p < 0.05).

In all light conditions protonema growth was accelerated in the presence of glucose
(Figure 1). However, under WL and BL, protonema showed predominant growth of
chloronema irrespective of the presence or absence of glucose (Figure 2(i)a,b,d,e,g,h,j,k).
On the other hand, protonema cultured under RL in the presence of glucose showed
the emergence of caulonema filaments (Figure 2(i)i,l,(ii)i,l), but protonema cultured in
the absence of glucose under RL did not show the emergence of caulonema filaments.
Interestingly these protonemata (in the absence of glucose under RL) showed curling of
newly-formed protonemal branches or nutations (Figure 2(i)c,f,(ii)c,f). The outline of these
protonema colonies did not show protruding filaments due to curling of the protonemata
(Figure 1c,f), which was observed in other conditions described earlier (Figure 1). Similar
response has been described in Funaria under RL, but nutations were formed in presence
of glucose, which is in contrast to Physcomitrium. These nutations later grew in a straight
pattern in Funaria [52].

The curling of protonema filaments was also tested in WT cultures under BR light in
medium with and without kinetin (1 µM) but lacking glucose. The response was compared
with cultures under RL. It was observed that in BR light, protonema did not show nutations
(Figure 4).
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Figure 4. Comparison of WT protonema morphology under RL and BR light in the absence of glucose.
a–d display complete protonema colony. e–h display magnified portions of protonema. Peripheral
regions show nutations under RL (a,b,e,f). Nutations are not observed in BR light (c,d,g,h). Red
triangles indicate the nutations (e,f). For a–d, scale bar = 1 mm. For e–h, scale bar = 100 µm.

3.2. cry1a Mutants Produce More Number of Gametophore Buds Than WT

Bud initial formation was compared in WT and cry1a protonema in medium supple-
mented with glucose and kinetin under WL, BL, RL, and BR light (Figure 5). Under WL,
BL, and BR cry1a protonema produced a significantly greater number of bud initials than
WT. On the other hand, there was no significant difference in the number of buds produced
between WT and cry1a mutants under RL (Figure 6).

WT plants showed no significant difference in the number of bud initials produced
under WL and BR. A similar trend was observed in cry1a protonema, which also showed
no significant difference in the bud initial numbers between WL and BR. On the other hand,
while WT plants exhibit no significant difference in bud initial numbers under WL and BL,
cry1a plants produced significantly greater number of bud initials under WL compared to
BL. Both WT and cry1a protonema produced significantly greater number of bud initials
under RL than BR light. When the bud initial numbers were compared between BL and
BR, WT plants produced a comparable number of bud initials, but cry1a plants produced
significantly higher number of bud initials under BR (Figure 6). Overall comparison
indicates that cry1a plants produce more number of gametophore buds compared to
WT plants.
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Figure 5. (i) WT and cry1a protonema colonies cultured in medium supplemented with glucose
and kinetin (1µM) under different light conditions. In WT colonies bud initials are sparse (except
RL) compared to cry1a plants, where these are visible (Scale bar = 1 mm). (ii) Peripheral regions of
protonema colonies showing bud initials. Bud initials in WT plants are shown with red triangles.
cry1a plants have more bud initials that WT plants. Scale bar = 500 µm (0.5 mm). (iii) Peripheral
regions of protonema colonies (magnified) showing bud initials (Scale bar = 100 µm).
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Figure 6. Comparison of number of bud initials in WT and cry1a protonema under different light
conditions. Similar alphabetical letters indicate the significant difference between the bud initial
numbers in the given condition (p < 0.05).

3.3. Gametophore Buds Are Not Formed under FR Light

Protonema cultured under FR light (in glucose supplemented media) in presence or
absence of kinetin did not develop bud initials. However, they showed predominant growth
of caulonema filaments under FR irrespective of the presence of kinetin (Figure 7c,d,g,h).
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Figure 7. WT protonema colonies under WL and FR light in the presence of glucose. Upper panel
shows the protonema colonies (a–d). Lower panel shows a portion of the peripheral region of
the protonema colonies (magnified) (inset dashed red rectangle) displaying chloronema (e,f) or
caulonema (g,h). Chloronemata are formed under WL (green filaments). Caulonemata are formed in
FR light (less chlorophyll). Red triangles show the buds formed in WL in the presence of kinetin (f).
For a–d, scale bar = 1 mm. For e–h, scale bar = 100 µm.

3.4. Phytohoromone Estimation

tZ content was estimated in WT and cry1a plants under WL. The difference between
tZ content was not significant (Figure 8).

49



Plants 2022, 11, 707

Figure 8. Comparison of tZ content in WT and cry1a plants. Comparison has been shown as
mean ± SEM.

4. Discussion
4.1. Red Light and Glucose Enhance the Effect of Cytokinin

While light and carbon supply are known to influence auxin-mediated chloronema-
caulonema transition in Physcomitrium [40,49], the influence of these factors on CK-mediated
bud initial formation in Physcomitrium has not been clearly demonstrated.

In Funaria glucose induces CK-mediated gametophore bud initial formation [61].
In most of the previous studies involving CK response in mosses, carbon supply was
provided either as glucose or sucrose. In the present study, bud initials were observed in
WT protonema under WL, only when the culture medium was supplemented with both
glucose and kinetin, but not in cultures lacking glucose and supplemented with kinetin
alone. In the latter case either no bud initials were formed or rarely formed (Figure 2(ii)d–f).
This indicates that optimum level of carbon source is required for CK response to initiate
the bud initial formation.

Light quality also plays a role in the gametophore bud differentiation process. RL
has been shown to have an enhancing effect on bud initial formation in different moss
species. In this study, Physcomitrium also responded positively to RL as an inductive signal
for bud initial formation, since the number of gametophore buds formed under RL was
significantly higher compared to WL and BL (Figures 3 and 6).

WT protonema predominantly produced chloronema filaments in WL and BL, and
protonema growth was accelerated in presence of glucose. However, there was no sign of
caulonema or bud initial formation in WL and BL in the presence or absence of glucose. On
the other hand, protonema under RL showed differential response to the presence of glu-
cose. It is known that caulonema formation is enhanced under RL in Physcomitrium [40]. In
the present study, caulonema filaments were produced under RL in medium supplemented
with glucose, but not in absence of glucose (Figure 1c,f,i,l and Figure 2(i)c,f,i,l,(ii)c,f,i,l).
Protonema cultured in presence of both glucose and kinetin under RL produced bud initials.
Nutations were observed under RL in medium lacking glucose. Even kinetin did not stim-
ulate gametophore bud formation in this condition. This observation has two implications
for the impact of RL on protonema differentiation. First, RL is the primary signal for bud
initial formation. While gametophore buds are formed to a differential extent in WL, BL,
and RL, nutations are observed only under RL. Nutations later develop into buds. There-
fore, RL plays a prominent role in gametophore bud formation in Physcomitrium. Second,
RL also requires an optimum amount of energy in the form of carbon supply to promote
the activity of CKs. In presence of glucose, RL induces the formation of caulonema (instead
nutation) followed by gametophore buds. The energy requirement may be an upstream
step/pre-requirement for bud initial formation via the formation of caulonema filaments in
the natural environment (Figure 9i). The absence of nutations in WL and BL indicates that
BL may suppress the effect of RL to induce the formation of nutations in Physcomitrium. To

50



Plants 2022, 11, 707

test this assumption WT protonema were cultured in BR light in medium lacking glucose,
but in presence and absence of kinetin. Interestingly nutations were not observed in BR
light in absence of glucose and the protonemata were phenotypically similar to those under
WL (Figure 1a,d and Figure 4). This indicates that BL inhibits the formation of nutations
in natural environment under WL, when energy level is not optimum (Figure 9ii). Since
nutations are formed in presence of kinetin, it appears that this process is independent of
CK action. However, it is not clear that the formation of nutations is regulated by any other
phytohormone such as auxin. Gametophore bud initials are formed later when the cells
synthesize the optimum carbon sources required for CK activity (Figure 9ii).

Figure 9. Graphical summary of the hypothesized mechanism of light and hormonal regulation of
bud initial formation. (i) RL induces the formation of caulonema in presence of carbon sources such
as glucose. Later bud initials are formed from caulonema branches. Glucose enhances the activity of
auxin and CK. BL is inhibitory for the formation of both caulonema and bud initials (ii) RL induces
formation of nutations in the absence of glucose. This process is inhibited by BL. Nutations later give
rise to bud initials.

4.2. CRY1a Suppresses Bud Initial Development

Physcomitrium possesses two copies of CRYs [40]. The double disruptant cry1a cry1b
mutant of Physcomitrium has been shown to produce more number of gametophores than
either cry1a or cry1b mutant and WT plants produce an even lower number of gametophores
under WL [40]. This implicates their role in the inhibition of bud initial formation [40].
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However, in the same study WT, cry1a and cry1b were shown to produce a comparable
number of gametophores with the cry1a cry1b strain under BL [40]. Therefore, it is not
clear whether the biosynthesis or sensitivity of CKs is inhibited. In the current study WT
protonema developed a comparable number of bud initials under WL and BL in response
to exogenously supplied kinetin. We therefore also compared the budding response of
WT and cry1a plants to exogenously supplied kinetin under different light conditions.
No significant difference was observed in bud initial numbers between WT and cry1a
protonema under RL (Figure 6). Since RL-induced bud initiation is phytochrome-mediated,
CRY1a may not have a major impact under monochromatic RL.

The difference in the formation of bud initials became apparent, when WT and cry1a
strains were cultured under WL, BL, and BR. Under WL, which is a mixture of different light
wavelengths, both PHYs and CRYs become active. The greater number of buds in response
to exogenously supplied kinetin in the cry1a mutant indicates that CRY1a may play a role
in sensing the CKs in vivo. The observations under WL were further established from the
budding response under BR light, where a similar pattern was observed. Since in natural
sunlight spectrum plants respond to BL and RL, BR light presents a condition similar to
WL. Under BL cry1a plants develop more number of bud initials than WT plants. These
facts indicate that CRY1a suppresses bud initial formation. cry1 protonema also produced
more number of bud initials under WL and BR light compared to BL, but these differences
were insignificant in WT plants. This indicates that CRY1a endogenously inhibits the CK
response by inhibiting the RL effect.

Different types of CKs such as N 6-(∆2-isopentenyl)adenine (iP), tZ, cis-zeatin (cZ),
dihydrozeatin (DHZ), and benzyl adenine (BA) are present in Physcomitrium. While cZ
is the most abundant CK in Physcomitrium, iP, tZ, and BA display the most potent bud-
inducing activity [6]. Since it is not known whether CRYs interfere with the sensitivity
of the biosynthesis of CKs, tZ content was estimated in WT and cry1a plants cultured
under WL. Both plants produce a comparable amount of tZ, but a differential amount
of bud initials under WL. This indicates that CRYs may interfere with the CK-signaling.
Biosynthesis and activity of other bioactive CKs might also be differentially regulated in
cry1a plants of Physcomitrium. Since this study was conducted with a single CRY disruptant,
there needs to be further investigation using double disruptant cry1a cry1b mutants to
further establish the role of BL in CK-mediated bud formation.

4.3. FR Light Is Inhibitory for Bud Initial Development

No bud initials were developed in WT protonema in presence of kinetin. Protonema
developed numerous caulonema under FR (Figure 7c,d,g,h), which may represent etiolated
growth in protonema. It is known that caulonema formation is induced under RL [40], and
it is required for bud initial formation. Caulonema formation also occurs under BL, but
to a lesser extent compared to RL and it is almost absent under WL in standard culture
conditions [40]. While overall growth is promoted under WL, BL, and RL, under FR
fewer protonemata develop and more than 95% of the newly-formed protonemata are
of caulonema type (unpublished data). This amount is much higher compared to RL as
reported by Imaizumi et al. [40]. Calulonema formation has been shown to be induced
under dark conditions and this shows red-FR reversibility where RL inhibits the dark-
induced caulonema formation and FR light reverses this response [44]. While caulonema
formation is followed by bud induction, bud initials were not developed in FR light even
in the presence of glucose and kinetin (Figure 7). We observed that protonema cultured
under FR light does not develop gametophores, but gametophores are produced (in lower
numbers) when the protonema are pre-cultured in WL before their transfer to FR light
(unpublished data). In WT plants of Physcomitrium, the number of gametophore bud initials
decreases in a mixture of RL and FR light compared to RL, when the protonemata are
cultured in kinetin-supplemented medium (unpublished data). These facts indicate that
FR light is inhibitory for bud initial formation. Caulonema induction by RL and FR light
perhaps represents two different developmental regulations mediated by auxin.
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4.4. Light Quality and Carbon Supply May Influence the 2D–3D Transition in Physcomitrium

The evolution of 3D growth form is an important step in the colonization of land
habit by plants. Physcomitrium patens is an excellent model to unravel the evolutionary
innovations that facilitated the 2D–3D transition [62]. Since CKs induce the bud initial
formation, the first 3D structures, they are important regulators of 2D–3D transition. The
activity of CKs in plants are regulated by their synthesis, signaling, and degradation or
inactivation [63]. ISOPENTENYLTRANSFERASEs (IPTs) are enzymes playing a major role
in the rate limiting step of CK biosynthesis. Physcomitrium possesses seven copies of IPTs.
ipt1 knockout plants of Physcomitrium appear to have no defect in CK signaling, but show
abundance of iP-type CK instead of cZ [64]. CK is perceived by CHASE domain-containing
histidine kinases (CHKs). Physcomitrium encodes three CHKs namely PpCHK1, PpCHK2,
and PpCHK3 [65]. chk mutants show a defect in gametophore development and differential
budding in response to exogenous CK. Triple chk mutants show strong insensitivity to
exogenous CK [65]. Cytokinin oxidases/dehydrogenases (CKXs) are enzymes catalyzing
the degradation of CKs. In Physcomitrium the CKX gene family consists of six members [66].
Overexpression of PpCKX1 results in delayed gametophore formation [66]. Since CK re-
sponse is differentially regulated by light, the genes involved in CK biosynthesis, signaling,
and degradation might also be differentially expressed under different light conditions.

In recent years numerous proteins have been identified which regulate the transition
of 2D–3D growth downstream of CK signaling pathway in Physcomitrium [62]. These
include CELLULOSE SYNTHASE 5 (CESA5), NO GAMETOPHORE 1 (PpNOG1), PpNOG2,
DEFECTIVE KERNEL 1 (PpDEK1), AINTEGUMENTA, PLETHORA and BABY-BOOM
(PpAPB), CLAVATA 3-like (CLE3) [62,67–72]. Some of these proteins are also regulated by
auxin [62]. The mutants of these proteins show defect in gametophore bud formation.

We have shown that gametophore bud formation is regulated by light quality and
energy supply. Therefore, it can be presumed that the components of CK response pathway
as well as the proteins involved in 2D–3D transition might also be differentially regu-
lated by these factors. Further studies are required to shed light on this aspect of CK
response regulation.

5. Conclusions

Physcomitrium development has been shown to be regulated by the interaction of light
and hormones. In addition, energy status also plays an important role in this differentiation
process. BL and RL regulate the protonema differentiation process in an opposing manner,
which is the growth and division in two dimensions. In this study we showed that light
quality also influences the bud initial formation, which is the transition to 3D growth.
Carbon supply appears to complement the effects of RL or PHYs. It is noteworthy that
Physcomitrium possesses seven copies of PHYs. However, the role of individual PHYs
in regulating the growth and development of Physcomitrium is not understood. We also
showed that CRY1a may negatively regulate PHY action and thus CK response. Since
Physcomitrium has another homolog of CRY1a, i.e., CRY1b, some of the responses which
may be redundant, are difficult to interpret using the cry1a plants alone. Further studies
involving higher order photoreceptor mutants are required to unravel the unknown aspects
of light-regulation of the hormonal pathways in Physcomitrium.
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Abstract: The study aimed to determine the changes in phenolic compounds content in lettuce
(Lactuca sativa L. cv. Little Gem) depending on the preharvest short-term daytime or nighttime
supplemental light-emitting diodes (LEDs) to high-pressure sodium lamps (HPS) lighting in a
greenhouse during autumn and spring cultivation. Plants were grown in a greenhouse under HPS
supplemented with 400 nm, 455 nm, 530 nm, 455 + 530 nm or 660 nm LEDs light for 4 h five
days before harvest. Two experiments (EXP) were performed: EXP1—HPS, and LEDs treatment
during daytime 6 PM–10 PM, and EXP2—LEDs treatment at nighttime during 10 AM–2 PM. LEDs’
photosynthetic photon flux density (PPFD) was 50 and HPS—90 ± 10 µmol m−2 s−1. The most
pronounced positive effect on total phenolic compounds revealed supplemental 400 and 455 + 530 nm
LEDs lighting, except its application during the daytime at spring cultivation, when all supplemental
LEDs light had no impact on phenolics content variation. Supplemental 400 nm LEDs applied in
the daytime increased chlorogenic acid during spring and chicoric acid during autumn cultivation.
400 nm LEDs used in nighttime enhanced chlorogenic acid accumulation and rutin during autumn.
Chicoric and chlorogenic acid significantly increased under supplemental 455 + 530 nm LEDs applied
at daytime in autumn and used at nighttime—in spring. Supplemental LEDs application in the
nighttime resulted in higher phenolic compounds content during spring cultivation and the daytime
during autumn cultivation.

Keywords: Lactuca sativa L.; light-emitting diodes; phenolic acids; flavonoids

1. Introduction

Nowadays, a growing interest in green eating is observed, affecting the increasing
consumption of vegetables, including leafy vegetables. Therefore, not only their yield
but also their nutritional quality becomes essential. Leafy vegetables are rich in bioactive
secondary metabolites, which have health-beneficial properties for humans. Secondary
metabolites participate in protecting plants against abiotic and biotic stresses and are essen-
tial for human nutrition, promoting the colour, taste, or aroma of plant products [1–3]. One
of the leading secondary metabolites in plants are phenolic compounds. Such compounds,
having antioxidant and anti-inflammatory properties, can help against the development of
cancers, cardiovascular and neurodegenerative diseases, diabetes, obesity, etc. [3–5].
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Because many leafy vegetables are grown in controlled environment agriculture (CEA),
the synthesis and accumulation of secondary metabolites depend on the regulation of mi-
croclimate, remarkably light [1,3]. Plants react to light through multiple photoreceptors,
which respond to a broad light spectrum, from ultraviolet B (UV-B) to far-red wavelengths
and stimulate the biochemical pathways of such metabolites by regulating the expression
of specific genes [2,3,6]. Moreover, in some cases, light could act as eustress (positive stress),
stimulating the production of various phytochemicals, thus improving the nutritional
value of leafy vegetables [1,3,7]. Nowadays, the application of the ecologically friendly
technology of light-emitting diode (LED) lighting in CEA with its capability to select light
wavelengths, change intensity, and reduce energy costs has many advantages compared to
other conventional light sources. The ability to tailor the spectral composition according to
plant or photoreceptor characteristics can affect leafy vegetables’ primary and secondary
metabolic responses [3,8–13]. Moreover, monochromatic LEDs or their combination can be
used to supplement the spectrum of high-pressure sodium (HPS) or fluorescent (FL) lamps,
which are still widely applied in CEA, throughout the cultivation of vegetables or as short-
term pre-harvest exposure [7,14–20]. Few studies concerning LEDs’ short-term pre-harvest
exposure differ in the used spectrum, intensity, exposure time, and duration, and their
effects on various phytochemical changes in leafy vegetables [7,15–18,20]. For example,
short-term five days UV-A LEDs exposure increased antioxidant phenolic compounds
in kale [20]. Short-term five days blue LED pre-harvest treatment significantly increased
some carotenoids and glucosinolates in sprouting broccoli microgreens [21], and ten days
exposure resulted in higher vitamin C, soluble protein, free amino acids, and chlorophyll in
Chinese kale at harvest [22]. Continuous 48 h red-blue light-emitting diodes illumination
depending on their ratio or intensity decreased nitrate and increased soluble sugars and
vitamin C content [17,18]. Short-term pre-harvest red LED lighting exposure was shown
as an efficient tool to reduce nitrate contents in various leafy vegetables [7,15] and pro-
duced baby leaf lettuce and Brassicaceae microgreens rich in total phenolics, tocopherols,
sugars, and antioxidant capacity [16,23]. However, there is still a lack of information
on how LEDs short-term pre-harvest exposure affects changes in the different phenolic
compounds content in leafy vegetables. According to literature data, generally, differ-
ent monochromatic light can affect the stimulation of secondary metabolites, especially
phenolic compounds [2,3,24].

Furthermore, literature data showed that the growing season has also affected phy-
tochemicals content in leafy vegetables [25]. Although vegetables are mainly grown in
the CEA during the autumn-spring season, where supplemental lighting is used, limited
data from the literature indicate the effect of seasonality. For example, after short-term red
LED exposure, total phenolics content and DPPH free radical scavenging capacity within
baby lettuces significantly increased during “dark” months, in November and January,
but showed a different response in March [16]. Bioactive compounds increase in green
baby leaf lettuces cultivar was observed in November and in red leaf cultivar in January
under supplemental blue and green LEDs to HPS lighting [14]. The effect of seasonality
on photosynthetic indices, growth, and phenolic compounds was determined in lamb’s
lettuce under various LEDs light combinations [26,27].

Lettuce (Lactuca sativa L.) is one of the highly valuable leafy vegetables cultivated in
CEA, mainly for its fresh leaves. Lettuce varies in colors, sizes, shapes, and is mostly used in
salad mixes. It is low in calories, fat, Na, a good source of fiber, minerals, various vitamins
and bioactive compounds such as folate, vitamin E, vitamin C, β-carotene, and phenolic
compounds. Phenolic acids, especially caffeic acid, chlorogenic acid, and their derivatives,
and flavonoids such as quercetin and kaempferol derivatives, anthocyanins, and flavone
luteolin are reported as the main phenolic compounds in lettuce [28]. Furthermore, lit-
erature data showed that phenolic compounds content in lettuce could be enhanced by
manipulating various agricultural practices, including light through the application of
LEDs [12,16,19,28]. For example, anthocyanin, flavonoids, and chlorogenic acids in red
leaf lettuce significantly increased under a higher percentage of blue light [12]. In the
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same type of lettuce, the predawn application of blue light showed the highest content
of phenolic acids and flavonoids in comparison with green leaf lettuce [19]. Supplemen-
tal red-LEDs before harvesting resulted in an increase in the total phenolics of baby leaf
lettuce [16]. Therefore, we hypothesised that even short-term exposure of LEDs light as
supplemental to HPS lighting would positively affect the content of phenolic compounds
in lettuce depending on the time of day or season. Thus, our study aimed to determine the
changes of phenolic compounds content in lettuce depending on the short-term daytime or
nighttime preharvest supplemental LEDs to HPS lighting in a greenhouse during autumn
and spring cultivation.

2. Results
2.1. Effect of Short-Term Daytime Supplemental LEDs to HPS Lighting on Phenolic Compounds
Content in Lettuce Cultivated in A Greenhouse during Different Seasons

The results that short-term daytime preharvest supplemental LEDs to HPS lighting in
a greenhouse during spring cultivation did not affect total content of phenolic compounds
in lettuce (Table 1). There was a trend, that different lighting had different effects on the
content of individual phenolic compounds in lettuce. Although daytime supplemental
LEDs light during spring cultivation of lettuce reduced or did not affect the content of many
phenolic compounds, chlorogenic acid was significantly increased under supplemental
400 nm LEDs, and rosmarinic acid—under 530 nm LEDs. Also, it was determined the
positive effect of supplemental 455 nm LEDs on chlorogenic and rosmarinic acid content
in lettuce. Meanwhile, compared to HPS lighting, supplemental 660 nm LEDs resulted
in the lowest gallic acid and apigenin, myricetin, and rutin content, 530 nm—gallic acid
and apigenin, epicatechin, quercetin, rutin, 455 + 530 nm—protocatechuic and rosmarinic
acids, apigenin and myricetin, 455 nm—protocatechuic, kaempferol, 400 nm—rutin. All
supplemental LEDs decreased caffeic and p-coumaric acids content.

During cultivation in autumn, the more evident effect of different lighting on the
phenolic compounds in lettuce was noticed. Total phenol compounds content as well as
phenolic acids such as caffeic, chicoric, chlorogenic, rosmarinic, and flavonol quercetin
content were higher under supplemental 455 + 530 nm LEDs than under HPS lighting alone.
Supplemental 660 nm LEDs significantly increased caffeic and o-coumaric acids, epicate-
chin, quercetin and rutin. Positive effects on the increase of chicoric and o-coumaric acids,
epicatechin and quercetin, were determined under supplemental 400 nm and rosmarinic
acid under 455 nm LEDs light. Although supplemental 530 nm LEDs light increased
p-coumaric and rosmarinic acid content, the lowest content of caffeic, chlorogenic, protocat-
echuic acids and quercetin, and rutin was established. Different lighting had no significant
effect on gallic acid, kaempferol, and myricetin content in lettuce.

The incidence of significant light and season interaction (LxS) indicates differential
response to short-term daytime supplemental LEDs light treatments at spring and autumn
examined with respect to phenolic compounds content (Table 1). However, the relative
contribution of the main effects to the variance of phenolic compounds indicates that
variation is introduced principally by season (S) (Table S2) and much less by light treatment
(L) (Table S1). Season had no effect only on caffeic acid content. Higher levels of chicoric,
chlorogenic and o-coumaric acids and epicatechin, quercetin, rutin and total phenolics were
found during autumn cultivation (Table S2). Meanwhile, the effect of light treatment (L)
was more pronounced on caffeic acid and epicatechin, rutin content, which were higher
under the 660 nm supplemental LEDs treatments and quercetin content under 400 nm in
comparison with other light treatments (Table S1).
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2.2. Effect of Short-Term Nighttime Supplemental LEDs to HPS Lighting on Phenolic Compounds
Content in Lettuce Cultivated in A Greenhouse during Different Seasons

According to data obtained from experiments, when short-term supplemental LEDs
light were applied at nighttime, the most positive effect for total phenolic compounds
increase was found under 455 + 530 nm LEDs during both cultivation periods and un-
der 400 nm LEDs during autumn cultivation (Table 2). Generally, higher total phenolic
compounds content in lettuce was determined under spring cultivation, contrary to what
supplemental LEDs were applied in the daytime.

During spring cultivation, the supplemental 455 + 530 nm LEDs at nighttime increased
the content of phenolic acids such as chicoric, chlorogenic, rosmarinic, and flavonol api-
genin, which were the main part of the total phenolic compounds. Supplemental 455 nm
LEDs light increased caffeic acid and 660 nm—kaempferol content. Different lighting had
no significant effect on p-coumaric acid and rutin content. Gallic, o-coumaric, protocate-
chuic acids, and epicatechin decreased under all supplemental LEDs light. Supplemental
530 nm LEDs light resulted in the significantly lowest content of chicoric, chlorogenic,
o-coumaric, and protocatechuic acids, 455 + 530 nm—caffeic acid, 455 nm—gallic acid and
quercetin, 400 nm—epicatechin compared to HPS lighting.

Although nighttime supplemental LEDs light during autumn cultivation of lettuce
did not affect many phenolic compounds content, chlorogenic, gallic, and o-coumaric acids,
myricetin, and rutin increased under supplemental 400 nm LEDs as well as rutin under
455 + 530 nm LEDs. The positive effect of supplemental 530 nm LEDs was determined
on the increase of caffeic acid. Meanwhile, supplemental 455 nm LEDs light significantly
decreased chlorogenic acid and rutin content.

The same as at daytime application, significant light and season interaction (L × S)
were determined on phenolic compounds content (Table 2). Season had no effect on o-
coumaric acid and myricetin content. Higher content of total phenolics and practically
all individual phenolic compounds, except o-coumaric acid and rutin were found during
spring cultivation (Table S4). Meanwhile, the effect of light treatment (L) was more obvious
on chlorogenic, o-coumaric acids, epicatechin and total phenolics content (Table S4).
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3. Discussion

According to various literature sources, phenolic compounds show plasticity in re-
sponse to light quality, quantity, and duration, allowing plants to adapt to their changes
and act as sunscreen, antioxidants, or both. Many studies related to the light quality
concern UV-A and blue light as having the most effective impact on phenylpropanoid
metabolism than the other light spectrum [6,11,14,19,22,24,29,30]. It was determined
that such light stimulates the genes expression belonging to the phenylpropanoid path-
way, which is involved in the biosynthesis of phenolic acids and flavonoids mediated
by cryptochromes [11,22,24,29,31,32]. In the present study, we used supplemental LEDs
of 455 nm, and 400 nm wavelengths, which also could be attributed to the UV-A light
spectrum [20,24]. Our data showed that monochromatic supplemental 400 nm LEDs light
positively affected the accumulation of total phenolic compounds in lettuce during autumn
cultivation but not spring. However, its effect on individual phenolic compounds differed.
The significantly higher content of chlorogenic acid and rutin, which were the main part of
total phenolic compounds, were determined when such light was applied at nighttime.

Meanwhile, 400 nm LEDs light application at daytime positively affected chichoric
acid, epicatechin, and quercetin. O-coumaric acid content increased in both cases. Other
authors also reported that a shorter blue or UV-A wavelength enhanced the accumulation
of the phenolic compounds in various plants. For example, Lee and coauthors [20] stated
that short-term 385 nm UV-A exposure resulted in a significant increase of total phenols,
caffeic acid, and kaempferol, but not ferulic acid. Treatments with specific white LEDs
light contained a shorter blue wavelength enhanced the accumulation of the individual
compounds in butterhead and romaine lettuce cultivars compared to longer ones [30] as
well as total phenolics and flavonoids in pak choi [31]. Taulavuori and coauthors [32]
showed that violet (420 nm) containing blue (440 nm) light was slightly more effective in
the stimulation of flavonoid synthesis in arugula than only blue (450 nm) light. It is known
that some flavonoids mostly absorb at 400–430 nm wavelengths light, so it was presumed
that shorter blue wavelengths with higher energy could efficiently promote phenolic acid
and flavonoid accumulation [30,33].

Meanwhile, supplemental 455 nm LED light applied at nighttime significantly de-
creased and used at daytime only slightly increased total phenolic compounds content
compared to HPS lighting. Such light effect on individual phenolic compounds depended
on application time and season. For example, supplemental 455 nm LEDs light at daytime
enhanced caffeic acid accumulation in lettuce during autumn cultivation and applied at
nighttime during spring cultivation. Meanwhile, chlorogenic acid content increased during
spring cultivation when 455 nm LEDs light was used in the daytime and positively affected
rosmarinic acid content in all cases. Other authors noticed the positive impact of longer blue
wavelengths (450–470 nm) on the accumulation of phenolic compounds in leafy vegetables
such as different lettuces varieties, pak choi, Chinese kale, basil, etc. depending on exposure
duration till harvest, photoperiod during the daytime, intensity [6,11,14,19,33,34]. Various
authors showed that the transcriptional levels of flavonoid biosynthetic genes are strongly
affected by the time duration, amount, and blue or UV-A wavelength of light [24,31,33].
According to our results, it can be assumed that 400 nm light stimulates the genes expres-
sion belonging to the phenylpropanoid pathway more in comparison to 455 nm. On other
hand, our results would suggest that the photoperiod of 455 nm LEDs exposure could be
longer and/or higher light intensity for stimulation such genes expression and enhancing
phenolic compounds accumulation in lettuce, but further studies are needed.

It is known that green light, the same as blue and UV, is also absorbed by the cryp-
tochromes, although the specific photoreceptor of such light remains to be identified in
higher plants. The green light can be more efficiently absorbed by the outer leaves of the
canopy and stimulate photosynthesis at lower leaf levels [6,11,24]. However, green LEDs
are not extensively applied in commercial plant cultivation due to the inefficiency in con-
verting electricity into photons [8,29,35]. Therefore, there is comparatively little literature
on its impacts on plants quality, including phenolic compounds. Few accessible reports
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showed that green light used as monochromatic or as part of a broader light combination
frequently had no effect or reduced accumulation of phenolic compounds and can reverse
the positive impact of monochromatic blue light [6,11,14,24,36–39]. The green light had pos-
itive results in only a few cases. For example, it enhanced total phenolic and total flavonoids
production of Prunella vulgaris callus cultures [40]. The significant increase of total phenols
in green baby leaf lettuce cultivated in January was found under supplemental 535 nm
LEDs and HPS lighting [14]. The present study showed no/or negative effect of green light
on total phenolic compounds content in lettuce depending on cultivation season. However,
there is a lack of literature data about its impacts on individual phenolic compounds. Our
data revealed the positive effect of supplemental green light applied in the daytime on
rosmarinic acid during both cultivation seasons. It also enhanced the accumulation of
quercetin during spring and p-coumaric acid during autumn cultivation. Meanwhile, the
green light at nighttime showed more negative effects than daytime application, except
caffeic acid, which significantly increased during autumn application.

However, this study revealed the different effects of green light applied with blue in
equal proportions (455 + 530 nm). Such combined lighting used in the daytime during
autumn cultivation enhanced the accumulation of total phenolic compounds like chicoric,
chlorogenic, and rosmarinic acids, which were mainly in total content. Meanwhile, applica-
tion at nighttime positively affected total phenolic compounds and the above-mentioned
phenolic acids during both cultivation seasons and apigenin during spring and rutin during
autumn cultivation. It could show that supplemental blue-green light in a darker period of
the day or season was more efficient on phenolic compounds accumulation. Meanwhile,
such lighting revealed a more evident positive effect than only blue supplemental LEDs
light. According to literature, shorter green light wavelengths less than 530 nm are per-
ceived as part of the cryptochrome and phototropin blue light response. However, longer
green light wavelengths about 570 nm are sufficient to antagonise blue light cryptochrome
activation [41–43]. In our experiments, we used shorter 530 nm green light, which applied
with blue light could stimulate the genes expression belonging to the phenylpropanoid
pathway similar to UV-A and blue light and enhanced biosynthesis of phenolic acids
and flavonoids in lettuce. We did not find other data concerning the effect of blue/green
light on polyphenolic content and composition in leafy vegetables. However, Zheng and
coauthors [44] reported that, when dichromatic blue-green light in equal proportion was
applied for 4 h in the nighttime, the expression level of several key structural genes among
the flavonoid biosynthesis pathway in tea plants decreased compared to the application
of monochromatic blue or green light. Therefore, the accumulation of anthocyanin and
catechins in such plants under blue-green light was lower than under blue light alone [44].

On the other hand, it was reported that plants interpret decreased blue: green ratios
as a shade response, which could act as abiotic stress [42]. It is known that phenolic
compounds are produced in plants to overcome potential stressful conditions [45,46].
Therefore, supplemental blue-green light to HPS in which spectrum dominated red-orange-
yellow, could change this ratio into a decrease and may act as eustress leading to an
increase in phenolic compounds content in lettuce. But further research is required to
confirm this assumption.

The present study showed that supplemental 660 nm LEDs light decreased or had
no significant effect on total phenolic compounds content compared to HPS lighting.
However, some phenolic acid such as caffeic, o-coumaric, and flavonoids epicatechin
and rutin significantly increased when the supplemental red light was applied in the
daytime during autumn cultivation. According to most studies, red light does not promote
phenylpropanoid stimulation of polyphenol biosynthesis, but some cases showed the
positive effect of such compounds [2,6,16,23,24]. However, red light’s impact on the
phenolic accumulation in plants depended on the species and variety, leaf age, duration of
exposure, etc. For example, sole red light caused an increase of phenolic compounds in the
young red and green Perilla leaves, but not in the mature leaves [47]. The 3-day pre-harvest
red (638 nm, 300 µmol m−2 s−1) light exposure has a more evident effect on the level
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of total phenolics in baby leaf lettuce grown in greenhouse conditions in winter [16] and
mustard [48]. The higher percentage of red light in red-blue lighting resulted in higher gallic
acid and quercetin content in the green basil cultivar, but not in red [49]. The supplemental
red light was most effective in enhancing the accumulation of chlorogenic, caffeic, and
chicoric acids, rutin, kaempferol, and luteolin in red leaf lettuce [50]. In all of these studies
reviewed, red light exposure was longer and more intense during the day. Therefore, it can
be assumed that the photoperiod of 660 nm LEDs exposure could be longer and/or higher
light intensity for more evidence effect on the increase of polyphenol content.

Generally, in our studies, it was observed that although the variation of the total
content of phenolic compounds depending on the lighting and growing season was not
large, the content of individual phenolics differed several times. Other authors also deter-
mined such trend in lettuce plants [50,51]. It was suggested that it is probably related with
enhanced activity of the phenylpropanoid pathway, resulting in an increase of intermediate
and final products of this branched metabolic pathway. For example, chlorogenic acid
characterizes a typical compound synthesized within the phenylpropanoid pathway and
relates to p-coumaric acid as an intermediate product [51].

Few studies have described the seasonal effect on phenolic compounds and their indi-
vidual composition in leafy vegetables, suggesting that variation in phenolic compounds
is more dependent on growing conditions and cultivar [14,16,27,52–54]. For example, it
was observed that differences among five lettuce cultivars appear to have a more signif-
icant impact on phenolic compounds than environmental variation during the growing
season [52]. The best light combination for increasing phenolic compounds content in
Lamb’s lettuce grown in the greenhouse was 70R/30B in autumn and 50R/50B in win-
ter cultivation [27]. Samuoliene and coauthors [14,16] showed that total phenols content
in various baby leaf lettuces mainly increased in the darker months—November and
January—when the supplemental blue, green or red light was applied together with HPS
lighting. Marin and coauthors [53] observed that the increase in temperature and radiation
from February to May promoted the increase in the content of phenolic acids and flavonoids
and showed the seasonal variations of individual phenolic compounds. Meanwhile, Lee
and coauthors [54] reported that analysed phenolic acids in red Chinese cabbages increased
in autumn and flavonols in spring cultivation. The present study showed a significant
seasonality effect, but it depends on supplemental LEDs light application time. The appli-
cation of LEDs during the daytime resulted in higher total phenolic compounds content
during autumn cultivation. However, individual phenolic compounds such as gallic, proto-
catechuic, p-coumaric, rosmarinic acids, myricetin, apigenin, and kaempferol content were
higher during spring cultivation. Meanwhile, supplemental LEDs application in the night-
time increased analysed phenolic compounds content during spring cultivation, except
rutin. Generally, our results confirm other authors observations that increased radiation in
spring increasing phenolics content maybe due to higher stimulation the genes expression
of phenylpropanoid pathway [33,53,54]. That suggests different lighting strategies for
increasing phenolic compounds content in lettuces during different growing seasons, but
further studies are need for better understanding of the regulation phenolics compounds
synthesis during different growing seasons

4. Materials and Methods
4.1. Growth Conditions

Pot experiments were performed at the greenhouse of the Institute of Horticulture,
Lithuanian Research Centre of Agricultural and Forestry (lat. 55◦ N), during the autumn
and spring periods. Seeds of lettuce (Lactuca sativa L. cv. Little Gem; CN Seeds, UK)
were sown in cell trays (70 mL cell volume, three seeds per tray, 54 trays in one plastic
vessel) containing peat substrate (Terraerden, Rucava, Latvia) with NPK (100–160; 110–180;
120–200 mg L−1) and microelements Mn, Cu, Mo, B, Zn and Fe (pH H2O 5.5–6.5; electrical
conductivity (EC) ms cm−1 < 1.10). Seedlings with one true leaf (BBCH 11–12) were trans-
planted into pots 500 mL, filled with the same peat substrate. Plants were watered when
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needed, maintaining a similar substrate humidity. From the 10th day after transplanting
(BBCH 14–15), plants were watered with 50 mL of nutrient solution for plant (10 mL NPK
3-1-3 (Terra grow, Plagron, Netherlands) in 5 L water) two times a week. The day/night
temperatures of 23 ± 2/16 ± 2 ◦C, and 16-h photoperiod and relative air humidity of
70 ± 10% were maintained. Plants were grown under daylight with supplementary light-
ing provided by standard high-pressure sodium lamps (HPS) (SON-T Agro, 400 W, Philips,
Eindhoven, The Netherlands) 16-h photoperiod. The generated photosynthetic photon flux
density (PPFD) of HPS lamps at plant level was about 90 ± 10 µmol m−2 s−1. During the
experiments, the weekly-average solar radiation inside the greenhouse ranged from 20 to
80 µmol m−2 s−1 in November–December and from 150 to 230 µmol m−2 s−1 in March–
April. At thirty days after germination, lighting experiments began (see Section 4.2). At
the end of the experiments, plants were harvested just above the substrate level. Samples
of randomly selected twelve fully developed lettuce plants per treatment were used for
phytochemical analysis.

4.2. Lighting Treatments

At the lettuce pre-harvest stage of 5 days, the HPS lamps were supplemented by
LEDs lamps (4h photoperiod) (Figures 1 and 2). Different LEDs lamps (Vegetal Grow
Development, France) contained diodes with the peak wavelength of UV-A (400 nm), blue
(455 nm), green (530 nm), blue + green (455 + 530 nm) and red (660 nm). Two lighting
experiments (EXP1 and EXP2) with replication were carried out during the autumn and
spring periods. EXP1 − HPS + LEDs lamps lighting was from 06 till 10 AM where HPS
lamps generated 90 ± 10 µmol m−2 s−1 and LEDs generated 50 µmol m−2 s−1 (Figure 1).
Later, only HPS lighting was from 10 AM till 10 PM. EXP2—HPS lighting was from 06 AM
till 10 PM, and LEDs lamps lighting was from 10 PM till 02 AM (Figure 2). A photometer
RF-100 with head G.PAR-100 was used to measure PPFD (Sonopan, Bialystok, Poland).
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4.3. Determination of Individual Phenolic Compounds

The fresh plant material was immediately frozen in liquid N2 and lyophilised for
in-dividual phenolic compound analysis. It was calculated that the average content of
dry matter in lettuce was about 4.5% during both growing seasons. Individual phenolic
compounds were analysed by high-performance liquid chromatography (HPLC) on a NU-
CLEODUR Sphinx RP column (5 µm particle size, 150 × 4.6 mm) (Macherey-Nagel GmbH
& Co KG, Düren Germany). For phenolic compounds extraction, 100 mg of lyophilised
plant material was grounded with 80% ice-cold methanol (Sigma-Aldrich, St. Louis, MO,
USA) and transferred to a 15 mL polypropylene conical centrifuge tube (Labbox Labware
S.L., Barcelona, Spain). The extract was incubated at 4 ◦C for 24 h. Samples were centrifuged
(Hermle Z 300 K, Hermle Labortechnik, Wehingen, Germany) at a relative centrifugal force
of 4000 rpm min−1 for 10 min at room temperature. The supernatant was filtered through a
70 mm qualitative filter paper (Frisenette ApS, Knebel, Denmark). Before the HPLC analy-
ses, samples were filtrated through a 13 mm and 0.22 µm nylon syringe filter (BGB Analytik
AG, Böckten, Switzerland). The HPLC 10A system (Shimadzu, Kyoto, Japan) equipped
with a diode array (SPD-M 10A VP) detector was used for analysis. Peaks were detected
at 280 nm. The mobile phase consisted of A (100% acetonitrile, (Sigma-Aldrich, St. Louis,
MO, USA) and B (1% acetic acid, Supelco, Bellefonte, PA, USA). Binary gradient: 0 min;
95% B, 25 min; 70% B, 25–30 min; 5% B, 30–35; 5% B; 35–37 min; 95% B, and 37–40 min;
95% B, flow rate 1 mL min−1. The results are expressed as an average of analytical mea-
surements of three biological samples from homogenized plant material in mg g−1 in the
dry mass of plants. The contents of rutin (rutin trihydrate, Supelco), myricetin, chicoric
acid, ferulic acid (trans-Ferulic acid), rosmarinic acid, quercetin and protocatechuic acid
(all purchased from Merck KGaA, Darmstadt, Germany), caffeic acid, p-coumaric acid
(trans-p-Coumaric acid), o-coumaric acid (trans-2-Hydroxycinnamic acid), m-coumaric
acid (trans-3-Hydroxycinnamic acid), epicatechin, chlorogenic acid, kaempferol, gallic acid
(gallic acid monohydrate) (all purchased from Sigma-Aldric), and apigenin (LGC Standards
Ltd., LGC, Teddington, UK) are expressed as mg g−1 in the dry matter of plants.

4.4. Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2016 and Addinsoft XLSTAT
2022 XLSTAT statistical and data analysis (Long Island, NY, USA). Two-way analysis of vari-
ance (ANOVA) followed by Tukey’s honestly significant difference test (p < 0.05) for multi-
ple comparisons was used to evaluate differences between means (n = 3) of measurements.

5. Conclusions

This study demonstrated that even short-term supplemental LEDs preharvest lighting
affected the accumulation of total and individual phenolic compounds in lettuces. How-
ever, our results suggest different LEDs application strategies for increasing their content
during different growing seasons and times of the day. The most pronounced positive
effect on total phenolic compounds revealed supplemental 400 and 455 + 530 nm LEDs
lighting, except its application during the daytime during spring cultivation, when all
supplemental LEDs light had no impact on such compound. Supplemental 400 nm LEDS
applied in the daytime increased primary phenolic compounds such as chlorogenic acid
during spring and chicoric acid during autumn cultivation. Meanwhile, 400 nm LEDs
used in nighttime enhanced chlorogenic acid accumulation and rutin during autumn but
were not effective during spring cultivation. Chicoric and chlorogenic acid significantly
increased under supplemental 455 + 530 nm LEDs applied at daytime in autumn and
used at nighttime—in spring. Supplemental LEDs application in the nighttime resulted
in higher analysed phenolic compounds content during spring cultivation, except rutin.
When applied in the daytime, higher total phenolic compounds, chicoric and chlorogenic
acid content were determined during autumn cultivation. A review of our and the literature
data suggests that further research is required to clarify the impact of more prolonged
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and intense supplemental LEDs to HPS lighting exposure on various phenolic compounds
accumulation and biosynthetic pathways in lettuce.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants11091123/s1. Table S1. Effect of short-term daytime supplemental LEDs to HPS lighting
on phenolic compounds content in lettuce cultivated in a greenhouse. Table S2. Effect of different
seasons on phenolic compounds content in lettuce cultivated in a greenhouse under short-term
daytime supplemental LEDs to HPS. Table S3. Effect of short-term nighttime supplemental LEDs to
HPS lighting on phenolic compounds content in lettuce cultivated in a greenhouse. Table S4. Effect
of different seasons on phenolic compounds content in lettuce cultivated in a greenhouse under
short-term nighttime supplemental LEDs to HPS.
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Abstract: Beta vulgaris L. is a crop selected for cultivation in Space for its nutritional properties.
However, exposure to ionizing radiation (IR) can alter plant photosynthetic performance and phy-
tochemical production in the extraterrestrial environment. This study investigated if plant growth
under different light quality regimes (FL—white fluorescent; RGB—red–green–blue; RB—red–blue)
modifies the photosynthetic behavior and bioactive compound synthesis of plants sprouted by dry
seeds irradiated with carbon or titanium high-energy ions. The study evidenced that: (i) the plant
response depends on the type of heavyion; (ii) control and C-ion-irradiated plants were similar for
photosynthetic pigment content and PSII photochemical efficiency, regardless of the LQ regime;
(iii) under FL, net photosynthesis (AN) and water use efficiency (iWUE) declined in C- and Ti-ion
plants compared to control, while the growth of irradiated plants under RGB and RB regimes offset
these differences; (iv) the interaction Ti-ion× RB improved iWUE, and stimulated the production
of pigments, carbohydrates, and antioxidants. The overall results highlighted that the cultivation
of irradiated plants under specific LQ regimes effectively regulates photosynthesis and bioactive
compound amounts in leaf edible tissues. In particular, the interaction Ti-ion × RB improved iWUE
and increased pigments, carbohydrates, and antioxidant content.

Keywords: antioxidants; Beta vulgaris L.; ionizing radiation; light quality; photosynthesis; Space
Closed Ecosystem

1. Introduction

The realization of Bioregenerative Life Support Systems (BLSSs) is crucial in consider-
ing future long-term human-crewed missions in Space. Transit vehicles, space stations, and
platforms on Moon and Mars will include self-sustaining artificial eco-systems based on
the balance between heterotrophs (humans and microorganisms) and autotrophs (plants
or algae). In particular, higher plants significantly contribute to re-storing the resources
in closed environments, regenerating and purifying air through CO2 absorption and O2
evolution and transpiration, as well as producing fresh food supplies for the crew [1–4].

Space is a harsh environment compared to Earth. Many factors may constrain the
plant’s survival in the extraterrestrial environment, including altered gravity, the interaction
between microgravity and fluid dynamics, ionizing radiation (IR), and modified pressure
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and temperature conditions. Among space factors, ionizing radiation represents the main
hazard for the survival of life forms, including plants, in exploratory-class missions [5].

Understanding the effects of IR on photosynthetic apparatus and, in general, on plant
metabolism is a prerequisite for cultivating plants in Space. IR may affect the photosyn-
thetic process at different levels: from molecular, impacting light-harvesting complexes,
reaction centers, and electron transport carriers, to physiological level by affecting pri-
mary and secondary photosynthetic metabolism, also through anatomical changes of leaf
structure [6–9]. In addition, the radio-induced stress in plants triggers the production of a
large variety of antioxidant compounds which are engaged in the detoxification of reactive
oxygen species (ROS) and, at the same time, enriches the nutritional properties of plant
tissues [4,10–12].

Generally, plant responses to IR depend on several variables, including species, phe-
nological stage at the time of irradiation, dose, and radiation quality [5,6,13]. The space
radiation environment consists of a wide variety of ion species with a continuous range
of energies. The principal galactic cosmic rays (GCR) include high-energy protons, alpha
particles, and heavy ions (HZE—high-energy nuclei component). Therefore, testing plant
response to specific ions at proper acute doses is a vital prerequisite to assessing plant
radiosensitivity and evaluating the suitability of different crops for cultivation in Space.

Carbon (C) and titanium (Ti) are among the heavy ions considered representative of
HZE and are often used to simulate the GRC spectrum in ground-based experiments [14,15].
However, very little is known about titanium conversely to carbon ions. Early studies
on animal models evidence that Ti-ions induce oxidative stress and genomic alterations
associated with several health risks [16–18]. In plants, Ti-ions have been reported to
improve starch mobilization towards actively growing tissues of eye bean seedlings and
stimulate the production of antioxidants [19].

Therefore, the defining agricultural practices, as well as micro-environmental parame-
ters, are essential for the selection of suitable crops for space farming. For example, plants
have different requirements for light intensity, quality, and duration [3,20]. In particular,
the light spectral composition affects not only germination [21], plant architecture, and
leaf anatomy [22–24] but also physiological processes [25], such as stomatal opening reg-
ulation [26], photosynthesis [27–29], pigment synthesis [30,31], and ultimately biomass
production [20,32–34]. Furthermore, specific light quality treatments during growth may
also stimulate the resistance to diseases and abiotic stress (high temperature, nutritional de-
ficiency, and heavy metals) [27,35–37], improving the synthesis of antioxidants [38] which,
in turn, can enhance the nutritional quality of crops [39].

Based on this evidence, the modulation of the light spectrum is a promising tool for
improving plant productivity in space farming [40–43], also representing a means to face
the constraints of the space environment.

From this perspective, studying the interaction between space IR and light quality (LQ)
is gaining interest in space research. Recent studies on crops evidenced that the interplay
LQ/IR may elicit essential plant traits, such as dwarf growth, increased photosynthesis
and nutritional value [44,45]. The present study aimed to deepen the knowledge of the
interaction between high-LET (Linear Energy Transfer) ionizing radiation and LQ on chard
(B. vulgaris L. var. cicla) plants focusing specifically on the photosynthetic process to assess
the suitability of this species to be cultivated in Bioregenerative Life Support Systems
(BLSSs). Chard was chosen for this study because it is considered a functional food [46],
and for the high nutritional value of its leaves, rich in healthy secondary metabolites.
Furthermore, its compact size and the great amount of edible biomass make it suitable for
Space cultivation [3].

The specific aims of this study were to investigate: (i) how the exposure of chard seeds
C and Ti heavy ions, representative particles of the galactic cosmic rays, may affect the
photosynthetic metabolism of chard; (ii) how plant development under specific LQ regimes
may modify the photosynthetic response to C and Ti irradiation; (iii) if and at what level

72



Plants 2022, 11, 1816

the interaction between IR and specific LQ treatments may promote the production of
functional metabolites which are beneficial as a supplement for the astronauts’ diet.

2. Results
2.1. Germination and Plant Biomass

Irradiation with C- and Ti-ions caused a significant increase in GP (100%) under FL
light compared to not-irradiated control. RB light also determined a significant increase in
GP after irradiation with C- (100%) and Ti-ions (75%). The same tendency to increase GP
after irradiation was found under RGB light, but the values were significantly higher only
in the case of C-ions (100%) compared to Ti and control treatments (Figure 1).
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Figure 1. Percentage germination (GP) of Control (Ctrl) and irradiated Carbon (C-10 Gy) and Titanium
(Ti-10 Gy) seeds of B. vulgaris under white fluorescent (FL), red–green–blue (RGB) and red–blue (RB)
light quality regimes (n = 50). Different letters indicate statistically significant differences among
treatments according to one-way ANOVA (p < 0.05).

IR and LQ as the main factors did not significantly affect total biomass (TB) and shoot
biomass (SB) (Table 1). Contrarily, the interaction IR × LQ was significant. More specifically,
the RB regime induced an increase in TB and SB (p < 0.05) in plants from irradiated seeds
(C 10-RB, Ti 10-RB) compared to the control (Ctrl-RB).

2.2. Gas Exchanges and Chlorophyll Fluorescence Emission Measurements

The IR and LQ regimes strongly affected the photosynthetic performance of B. vulgaris
plants as single factors and in combination. AN and gS of C-10 and Ti-10 plants declined
(p < 0.01) and NPQ were raised (p < 0.05), while iWUE, φPSII, and Fv/Fm did not change
significantly compared to control (Table 2). LQ, as a single factor, reduced AN (p < 0.05), gS,
and φPSII, (p < 0.01) in RGB and RB compared to FL plants and an increased iWUE(p < 0.05)
and NPQ (p < 0.001) (Table 2). No variation was observed in Fv/Fm regardless of the IR
treatments and LQ regimes (Table 2, Figure 2f).

The interaction IR × LQ (under FL regime) showed a significant decline of AN
(p < 0.001), gS (p < 0.001), and iWUE (p < 0.05) in both C-10- and Ti-10-irradiated plants
compared to control (Figure 2a–c).

Growth under RGB and RB regimes did not induce any differences in AN and iWUE
among irradiated plants and respective controls (Figure 2a–c), while gS showed the lowest
(p < 0.01) value in C10-RGB plants (Figure 2b).

Within the C-10 plant group, RGB and RB regimes reduced (p < 0.001) AN and gS
compared to FL but did not influence iWUE (Figure 2a–c). In C-10 plants, AN was unaf-
fected by LQ, while RGB and RB regimes induced a decline (p < 0.001) in gS and an increase
(p < 0.05) of iWUE compared to FL (Figure 2a–c). Within the Ti-10 plant group, the RGB
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and RB light regimes enhanced AN (p < 0.05), gS (p < 0.05), and iWUE (p < 0.01) compared
to FL (Figure 2a–c).

Table 1. Analysis of variance and comparison of means for total biomass (TB) and shoot biomass
(SB) of B. vulgaris plants sprouted from Control (Ctrl) and irradiated Carbon (C-10 Gy) and Titanium
(Ti-10 Gy) seeds, and grown under white fluorescent (FL), red–green–blue (RGB) and red–blue (RB)
light quality regimes.

TB SB

IR
Ctrl 25 a 21 a

C-10 27 a 21 a

Ti-10 27 a 21 a

LQ
FL 29 a 23 a

RGB 24 a 19 a

RB 26 a 21 a

IR × LQ
Ctrl-FL 31 a 25 a

Ctrl-RGB 28 a 24 a

Ctrl-RB 17 b 14 b

C 10-FL 28 a 22 a

C 10-RGB 25 a 21 a

C 10-RB 26 a 21 a

Ti 10-FL 30 a 22 a

Ti 10-RGB 23 a 19 a

Ti 10-RB 29 a 22 a

Significance
IR NS NS
LQ NS NS

IR × LQ * *

TB—Total biomass, g FW plant−1; SB—Shoot biomass, g FW plant−1. Different letters in each column indicate
significant differences according to Duncan’s test (p < 0.05). NS—not significant; * p < 0.05.

Table 2. Analysis of variance and comparison of means for net CO2 assimilation (AN), stomatal
conductance to water (gS), intrinsic water use efficiency (iWUE), quantum yield of PSII electron
transport, φPSII, non-photochemical quenching (NPQ), maximum PSII photochemical efficiency,
(Fv/Fm) of B. vulgaris plants sprouted from Control (Ctrl) and irradiated Carbon (C-10 Gy) and
Titanium (Ti-10 Gy) seeds, and grown under white fluorescent (FL), red–green–blue (RGB) and
red–blue (RB) light quality regimes.

AN gs iWUE φPSII NPQ Fv/Fm

IR
Ctrl 9.1 a 0.16 a 59 a 0.34 a 2.4 b 0.76 a

C-10 6.7 b 0.13 b 53 a 0.34 a 2.7 a 0.75 a

Ti-10 6.4 b 0.13 b 56 a 0.29 a 2.8 a 0.74 a

LQ
FL 7.9 a 0.16 a 48 b 0.38 a 2.2 b 0.75 a

RGB 7.4 b 0.14 b 55 b 0.31 b 2.8 a 0.75 a

RB 6.8 c 0.12 c 65 a 0.28 b 2.9 a 0.75 a

Significance
IR *** *** NS NS ** NS
LQ * *** ** * *** NS

IR × LQ *** *** NS NS *** NS

AN—net CO2 assimilation (µmol CO2 m−2 s−1); gS—stomatal conductance to water (mol H2O m−2s−1),
iWUE—intrinsic water use efficiency (µmol CO2 mol−1 H2O); φPSII—quantum yield of PSII electron transport;
NPQ—non-photochemical quenching; Fv/Fm—maximum PSII photochemical efficiency. Different letters in the
columns indicate significant differences according to Duncan’s test (p < 0.05). NS—not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001.
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Figure 2. (a) Net CO2 assimilation, AN; (b) stomatal conductance, gS; (c) intrinsic water use efficiency,
iWUE; (d) quantum yield of PSII electron transport, φPSII; (e) non-photochemical quenching, NPQ;
(f) maximum PSII photochemical efficiency, Fv/Fm of B. vulgaris plants sprouted from Control (Ctrl)
and irradiated Carbon (C-10 Gy), and Titanium (Ti-10 Gy) seeds and grown under white fluorescent
(FL), red–green–blue (RGB) and red-blue (RB) light quality regimes (n = 5). Different letters indicate
statistically significant differences among light treatments according to one-way ANOVA (p < 0.05).

In all LQ regimes, φPSII and Fv/Fm ratio were not significantly affected by ionizing
radiation. Contrary, among RB plants, Ti-ions significantly increased NPQ (Figure 2d–f).
Within control plants, LQ regimes did not affect chard photochemistry. On the contrary,
within the C-10 and Ti-10 plant groups, the RGB and RB regimes reduced (p < 0.01) φPSII
and increased (p < 0.01) NPQ compared to FL. The strongest reduction of φPSII and the
highest rise of NPQ were measured in Ti-10 RB plants (Figure 2d–f).

2.3. Plants Nutritional Traits and Bioactive Compounds

IR treatments and LQ regimes, as a single factor or interaction, determined a substan-
tial variation in the concentration of photosynthetic pigment, total carbohydrate, proteins,
and antioxidants (Table 3).

IR induced an increase (p < 0.001) in CHL and CAR concentration and a reduction
(p < 0.01) in POL and ANTH in Ti-10 compared to Ctrl and C-10 plants. On the contrary,
compared to control, C-10 plants showed comparable concentration of CHL, CAR, POL,
and ANTH, lower (p < 0.05) CARB and PROT content, and higher (p < 0.001) level of TAC.

LQ as a single factor determined a reduction (p < 0.001) in CHL, CAR, and CARB
under RGB and RB regimes (p < 0.001) compared to FL (Table 3), while for PROT and POL,
the RGB plant group showed the lowest value. No significant difference was detected
between FL and RB regimes. However, for ANTH and TAC, the different LQ regimes
exerted diverse responses: RGB reduced (p < 0.01) ANTH content compared to FL and RB
but increased TAC (p < 0.01).
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Table 3. Analysis of variance and comparison of means for chlorophylls (CHL), carotenoids (CAR),
carbohydrates (CARB), proteins (PROT), polyphenols (POL), anthocyanins (ANTH), and total antiox-
idant capacity (TAC) of B. vulgaris plants sprouted from Control (Ctrl) and irradiated Carbon (C-10
Gy) and Titanium (Ti-10 Gy) seeds, and grown under white fluorescent (FL), red–green–blue (RGB)
and red–blue (RB) light quality regimes (n = 5).

CHL CAR CARB PROT POL ANTH TAC

IR
Ctrl 38 b 5.7 b 36 a 480 a 0.91 a 2.8 a 2.8 c

C-10 41 b 6.7 b 33 b 347 b 0.94 a 2.9 a 4.1 a

Ti-10 47 a 8.4 a 31 b 321 b 0.47 b 2.0 b 3.3 b

LQ
FL 54 a 8.8 a 42 a 427 a 0.81 a 2.5 b 3.0 b

RGB 37 b 5.7 b 33 b 337 b 0.70 b 1.9 c 4.3 a

RB 36 b 5.9 b 26 c 381 a 0.80 a 3.3 a 2.9 b

Significance
IR *** *** * *** *** *** ***
LQ *** *** *** * * *** ***

IR × LQ *** *** *** ** ** NS ***

CHL—Chlorophylls (µg cm−2); CAR—Carotenoids (µg cm−2); CARB—Carbohydrates (mg GLU eq g−1 FW);
PROT—Proteins (µg BSA eq g−1 FW); POL—Polyphenols (mg GAE g−1 FW); ANTH—Anthocyanins ((A530-
1/3A657) g−1 FW); TAC—Total antioxidant capacity (µmol Trolox eq g−1 FW). Different letters in each column
indicate significant differences according to Duncan’s test (p < 0.05). NS—not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001.

The analysis of interactions IR × LQ highlighted that both control and irradiated
plants are characterized by lower (p < 0.001) CHL and CAR content under RGB and RB
than under FL regime (Figure 3a,b).
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Total carbohydrate content was affected by IR and LQ; indeed, it decreased (p < 0.05)
in irradiated plants under the FL regime compared to control, while under RB, in Ti-10
plants, it was higher than in control (Figure 3c). C-FL plants showed the highest (p < 0.001)
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concentration of carbohydrates. In irradiated C-10 plants, the highest increase (p < 0.001)
of carbohydrates was obtained under RGB regime, whereas within the Ti-10 plant group,
the highest (p < 0.001) carbohydrate concentration was determined under the RB regime
(Figure 3c).

The interaction IR × LQ consistently affected the protein content. Within the control
and Ti-10 plant group, the protein content was not affected by LQ regimes. On the contrary,
in the C-10 Gy plant group, the protein amount declined (p < 0.05) under RGB and RB
compared to FL (Figure 3d).

The comparison among control and irradiated plants at the same LQ regimes showed
that the RGB reduced (p < 0.05) the total protein content in both irradiated plants compared
to control. Otherwise, under FL and RB, the total protein concentration decreased only in
Ti-10-FL (p < 0.05) and C-10-RB (p < 0.05) plants, respectively (Figure 3d).

The interaction IR × LQ indicated that polyphenols significantly declined (p < 0.001)
in T-10 plants regardless of LQ quality (Figure 4a). Under the FL regime, anthocyanins de-
creased (p < 0.01) in T-10-FL plants compared to Ctrl-FL plants. Conversely, under RGB and
RB regimes, no significant difference in anthocyanin level was found between control and
irradiated plants (Figure 4b). In the Ctrl plant group, anthocyanin concentration was lower
(p < 0.05) under RGB than under FL and RB, whereas in C-10 and Ti-10 irradiated groups,
anthocyanin levels increased under RB compared to FL and RGB regimes (Figure 4b).
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Finally, the total antioxidant capacity within the control group increased (p < 0.05)
under the RGB compared to FL and RB plants; in the C-10 plant group, the highest (p < 0.01)
value was measured under the RGB regime, while in the Ti-10 plant group, the highest
values were found under both RGB and FL (Figure 4c). The comparison among control and
irradiated plants under the same LQ regime evidenced that under FL and RGB, C-10 plants
showed the highest values of TAC (p < 0.001, p < 0.01, respectively). On the other hand, the
RB regime promoted (p < 0.01) TAC in Ti-10 plants (Figure 4c).

2.4. Heatmap Analysis

An overview of all measured parameters in response to heavy ions irradiation (C-10
and Ti-10) and the three LQ regimes (FL, RGB, and RB) is reported in Figure 5.

The heatmap identified two main clusters. The first cluster (I) included plants sprouted
from control and C-10-irradiated seeds grown under the FL regime. The second cluster
(II) was split into two sub-clusters: the first incorporated Ti-10 irradiated plants grown
under FL and RGB regimes; the second included control and C-10 plants grown under RB,
control, and C-10 plants grown under RGB and Ti-10 plants grown under RB. The heatmap
indicated that control and C-10 irradiated plants showed a similar response for different
physiological and biochemical attributes regardless of the LQ regime. In particular, under
FL, plants exhibited the highest values of biomass, pigments, PSII photochemical efficiency,
and antioxidant compounds. Within the Ti-10 group, RB plants were characterized by
higher values of iWUE and NPQ than FL and RGB plants. Finally, the heatmap indicated
that LQ regimes exerted different physiological responses in B. vulgaris plants irradiated
with C- or Ti-ions.
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3. Discussion

This work highlighted that a low dose of carbon and titanium heavy ions, delivered at
the seed stage, may modify the B. vulgaris eco-physiological response (i.e., photosynthesis
and accumulation of bioactive compounds) depending on different light quality regimes
during growth. These results may have implications on controlled environment agriculture,
especially in extreme environments such as Space.

In the view of space cultivation, seed germination could represent a critical step.
Previous research demonstrated that seed responses to IR depend on the plant species
and the type of ion. The seed irradiation with C-ions at the dose of 10 Gy, reduced the
germination rate in rice and bean [6,47], whereas no variation occurred in spinach for doses
up to 15 Gy [48]. Conversely, there is still little information about the effect of Ti-ions on
different species. Ti-ions did not affect the germination of bean seeds at the dose of 10 Gy [6].
In B. vulgaris seeds, the irradiation with C-ions promoted the percentage germination (100%)
compared to control and Ti-ions, regardless of the LQ regimes. These results indicated
that more energetic C-ions likely favored seed tegument porosity which, in turn, may have
promoted germination through a higher water permeability [4,49]. In control plants, the
reduction of germination under RGB and RB light regimes could be ascribed to the higher
incidence of blue wavelengths, which generally inactivate the phytochrome A involved in
seed germination [50]. Moreover, the higher percentage germination found in Ctrl-RGB
compared to Ctrl-RB seeds may be ascribed to the presence of green wavelength, which is
known to promote germination through phytochrome [51].

Generally, the exposure of plants to IR determines a reduction of plant growth and
biomass, inducing a more compact plant architecture [4,52–55]. On the other hand, the
RB growth regime may produce an enhancement in biomass depending on the intrinsic
characteristics of the species [31,56]. In our case, IR and LQ as single factors did not affect
plant biomass, but their interaction produced significant differences under RB light regime.
In particular, C and Ti-RB plants were characterized by higher edible biomass than control,
representing a suitable trait for plants destined to grow in BLSSs.

Heavy ions and LQ regimes and their interaction deeply affected the photosynthetic
activity in B. vulgaris. IR generally impaired AN, gS, and iWUE, regardless of the type of
radiation and dose [52,57–60]. Moreover, these parameters are strictly interconnected, as
CO2 uptake and water use follow the same route through stomata [61]. In control plants,
leaf gas exchanges were sensitive to LQ, especially under RGB and RB regimes that strongly
reduced AN and gS compared to FL. The seed irradiation with C-ion seemed to offset the
effect LQ on AN, which resulted comparable under all regimes. It is hypothesized that in
C-ion irradiated plants, the high intensity of red and blue wavelengths of RGB and RB
regimes may have improved the stomatal control, ultimately resulting in the enhancement
of iWUE. However, the occurrence of stomatal limitations due to the potentially detrimental
effects of C heavy ions on photosynthetic machinery cannot be excluded. On the other
hand, the seed irradiation with Ti-ion under RGB and RB regimes stimulated AN and gS
compared to FL, determining, also in this case, an improvement of iWUE. In response to
different LQ regimes during growth, leaves of irradiated plants have probably adopted
adjustments in mesophyll traits and stomatal movements to improve photosynthesis and
iWUE [45]. According to other authors, RB wavelengths, alone or supplemented with the
green light that penetrates deeper inside the canopy, may have induced changes in leaf
thickness, promoting the CO2 diffusion within chloroplasts [56,62–66]. In addition, the
blue wavelengths, acting on the guard cells, stimulated the stomatal opening, improving
leaf conductance and consequently, photosynthesis [26,67–69].

Both IR and LQ affected not only the dark but also the light phase of photosynthesis
and, more specifically, the partitioning of light energy. In RGB and RB plants, the reduction
of φPSII was consistent with the decline of AN and the rise of NPQ, indicating that the
photosynthetic apparatus diverted the light energy in thermal dissipation mechanisms in
conditions of reduced carbon assimilation [70]. On the contrary, in C-10-FL plants, the AN
decline was accompanied by high values of φPSII. In this case, photochemical processes
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different from photosynthesis (i.e., photorespiration, Mehler reaction) occurred to avoid
photoinhibition and photooxidative damage to photosystems. This response suggested
that under C-irradiation, plants adopted a mechanism to optimize the PSII efficiency by
transferring the excess light energy, which is potentially detrimental for photosystems
to the other photochemical processes [71]. Control and Ti-ion-irradiated plants showed
similar photochemical behavior. However, the higher NPQ measured in Ti-10 RB plants
suggested that thermal dissipation processes were amplified under Ti irradiation and
used as a safety valve against putative photoinhibition damages [72,73]. The absence
of difference in the maximum quantum efficiency of PSII (Fv/Fm) among all treatments
confirmed the efficiency of the different regulatory mechanisms of absorbed light induced
by different heavy ion treatments.

The photochemical reactions observed in RGB- and RB-irradiated plants were consis-
tent with the lower photosynthetic pigment content. The down-regulation of chlorophyll
and carotenoid biosynthesis represents a safety strategy to avoid excessive light harvesting.
Since the pigment reduction occurred in both control and irradiated plants, it may be
argued that it depended on LQ more than IR. Indeed, red wavelengths, being photosynthet-
ically more efficient, usually determined a photosynthetic pigment reduction in different
species [31,66,73–76].

Our study pointed out that the FL-irradiated plants exhibited a reduced carbohydrate
and protein production compared to the control consistent with the decline of photosyn-
thesis. Previous studies performed on different plant species exposed to gamma rays
demonstrated that depending on dose and plant phenological stage, the carbohydrate and
protein levels may decrease, remain unchanged, or increase [13,52,77–79]. Generally, the
higher dosage of gamma irradiation breaks down the seed proteins releasing more amino
acids. This process may inhibit protein synthesis, thus inducing a decline in plant total
protein content [78,80]. Besides IR, LQ can also modulate sugar and protein production.
For instance, RB may induce a reduction in sugars [81] or an enhancement of the sugar
and protein content in several species [31,82,83]. The intrinsic characteristics of the specific
heavy ions may have produced a different behavior under the RB regime, which exerted a
positive effect only when applied to Ti-ion-irradiated plants.

IR strongly influenced TPC, ANTH, and TAC, depending on ion type. While C-ions
did not affect the concentration of anthocyanins and polyphenols compared to controls,
Ti-ions reduced these compounds. To counteract the IR-induced oxidative stress and
mitigate the risk of disease, a diet rich in polyphenols is essential for astronauts. Usually,
phenolic compounds exert a screening function against high levels of solar radiation;
protecting cell structures from photoinhibition damages [37,54,84,85] the same way, they
offset the detrimental effects of IR [54,75,85–87]. The effects of IR on polyphenols and
anthocyanins are controversial because some irradiated plants showed an enhancement
after the exposure to gamma and X-rays or C-heavy ions [54,59,75,86], while other species
exhibited a decline [54,85]. The different outcomes depend on the radiation quality and
dose. In our study, Ti-ions induced a decline in polyphenols content regardless of the
growth LQ regime.

The anthocyanin concentration was not only affected by IR but also by LQ.
In both C- and Ti-irradiated plants, the RB regime stimulated the anthocyanin synthesis

compared to FL and RGB. The biosynthesis of anthocyanins is typically associated with
blue light, but it may also be stimulated by red and green wavelengths [37,88]. It may be
supposed that the higher intensity of red wavelengths in RB compared to the other regimes
may have boosted the anthocyanin production, improving the nutritional properties of
chard as observed for many crops [89–91]. Hence, the increase in anthocyanins may be
considered a desirable feature for irradiated B. vulgaris plants.

Finally, C-ions irradiation determined a consistent rise of the total antioxidant capacity,
which may be ascribed to the production of several different compounds characterized by
antioxidant properties, as for other species, such as lettuce, irradiated with UV and gamma
rays [75,92,93]. The antioxidant response of Ti-ion-irradiated plants was enhanced under
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RGB and RB regimes, confirming that red and blue supplemented with green wavelengths
can promote the synthesis of free radical scavenger molecules. These compounds potentially
improve the antioxidant capacity of chard plants and enhance their tolerance to stress
conditions and nutrient quality [39,91,94,95]. Moreover, the high antioxidant content may
be considered an added value, also for the use of chard as a supplement for astronauts’ diet.

4. Materials and Methods
4.1. Plant Material, Irradiation Procedure, and Experimental Design

Beta vulgaris L. var. cicla (white chard) is a widely cultivated crop, considered a
functional food because of its high content of secondary metabolites, associated with some
beneficial effects, including anti-tumoral activity [96]. Moreover, its compactness and high
ratio of edible biomass/wastes make chard one of the candidates’ crops to be cultivated in
the Space Greenhouses, designed as Closed Ecological Life Support Systems [3].

Dry chard seeds (n = 150) were divided into not-irradiated control (n = 50) and treated
groups (n = 100). More specifically, 50 seeds were irradiated with carbonium (isotope
12C; E: 300 MeV/u (monoenergetic), LET: 13 keV/µm; dose rate 1 Gy/min), and 50 seeds
with titanium (isotope 50Ti; E: 1000 MeV/u (monoenergetic), LET: 108 keV/µm; dose rate
1 Gy/min) at the dose of 10 Gy. In particular, C-ions are considered reference radiation
and the dose of 10 Gy, being below the threshold for DNA damage, may not be lethal
for plant development [19,97]. Seeds were collected into T25-flasks and the irradiation
was performed using a pencil beam in a spread-out Bragg peak (SOBP), at the heavy-
ion synchrotron (SIS) at the GSI Helmholtz zentrumfür Schwerionenforschung GmbH,
(Darmstadt, Germany).

The seeds were maintained in the same storage and transport facilities to avoid bias
due to different conditions during traveling. Irradiated and not-irradiated (control) seeds
were then transferred to the laboratory and placed in Petri dishes on three layers of filter
paper to follow the germination process. Both germination and plant cultivation took
place in a climatized room under three different light regimens: (1) FL, provided by white
fluorescent tubes (Lumilux L360W/640 and L360W/830, Osram, Germany); (2) RGB (red–
green–blue) and (3) RB (red–blue) provided by red, green, and blue LEDs (Octa Light
LTD, Bulgaria) with the following emission peaks: 630 nm red, 510 nm green, 440 nm blue.
The spectral composition of LQ treatments (Figure 6a,b) was measured by a SR-3000A
spectroradiometer at 10 nm resolution (Macam Photometrics Ltd., Livingston, Scotland,
UK) at the top of the canopy.
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300 µmol m−2s−1; (b) Particular of growth chambers with RGB (front) and RB (back) light quality regimes.
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The total photosynthetic photon flux density (PPFD) was fixed at
300 ± 5 µmol photons m−2s−1 at the canopy level for all LQ regimes. All plants were
kept under air temperature of 25/20 ◦C (day/night), relative humidity 60–70%, and a
photoperiod of 12 h. Plants were fertilized with tap water and Hoagland’s solution every
two weeks.

The plant growth was followed up to 60 days after sowing (DAS) at the Plant Physi-
ology and Genetics Institute of the Bulgarian Academy of Science (Sofia, Bulgaria). Gas
exchanges and fluorescence emission measurements were carried out 60 days after sowing
(DAS) on fully expanded leaves to assess how radiation may have affected the functionality
of the photosynthetic apparatus and if the plant growth under different LQ may have
influenced the plant photosynthetic behavior. In addition, at the end of the vegetative cycle
(60 DAS), biometrical measurements, leaf functional traits, photosynthetic pigments, total
carbohydrates, and antioxidant content were also determined on mature leaves as a proxy
for carbon allocation and plant nutritional status. These analyses were performed at the
Department of Biology of University Federico II of Naples (Italy).

Figure 7 displays the schema of the experimental design of the study.
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4.2. Germination and Biometrical Measurements

The percentage of seed germination under FL, RGB, and RBLQ regimes was evaluated.
Seeds were considered germinated when the root protruded from the seed coat. The percentage
germination (GP) was calculated at 7 days after sowing (DAS), according to the formula:

GP7DAS = [(Number of germinated seeds after 7 days)/Total seed number] × 100 (1)

After germination, 10 control, 10 C—ion, and 10 Ti—ion—irradiated seedlings were
sown in 3.0 L pots filled with peat soil. At the end of the experimental period, 60 DAS, total
biomass (TB), and shoot biomass (SB) were determined on five plants for each treatment,
weighing the whole plant and the shoot portion, respectively. The TB and SB were expressed
as grams of fresh weight per plant (g FW plant−1).

4.3. Leaf Gas Exchange and Chlorophyll aFluorescence Emission Measurements

Leaf gas exchange was measured at 60 DAS on five fully expanded leaves from five
plants per treatment (one leaf per plant) by a portable gas-exchange system (LCpro+, ADC
BioScientific, UK). The middle part of the leaf was clamped into the 6.25 cm2 gas-exchange
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cuvette and exposed to a constant flow of 300 µmol s−1 of synthetic air (79% N2, 21% O2,
and 400 µmol mol−1 CO2). Measurements were carried out at 25 ± 2 ◦C leaf temperature
and 500 µmol m−2s−1 photosynthetic photon flux density (PPFD). The relative humidity
in the leaf chamber was set at 50–60%. The intrinsic water use efficiency (iWUE) was
calculated as a ratio between photosynthesis (AN) and stomatal conductance to water
(gs). All gas-exchange parameters were recorded after reaching a steady-state, usually
7–10 min for each measurement, and calculated by the equations of von Caemmerer and
Farquhar [98] with the software operating within the gas-exchange system.

Chlorophyll a fluorescence measurements were carried out on five fully expanded
leaves from five plants per treatment (one leaf per plant) using a Fluorescence Moni-
toring System (FMS, Hansathech Instruments, King’s Lynn, UK). The determination of
minimum (Fo) and maximum (Fm) fluorescence was carried out on 30 min dark adapted
leaves. The maximum quantum yield of PSII photochemistry (Fv/Fm) was determined as
(Fm−Fo)/Fm. The measurements in the light were carried out on leaves adapted to PPFD
of 500 µmol m−2 s−1. A saturating pulse of 0.8 s with >6000 µmol photons m−2 s−1 was
applied to determine the maximum (Fm’) and the steady-state (Fs) fluorescence in light
adapted conditions. The quantum yield of PSII electron transport (φPSII) was calculated
according to Genty et al. [99] as: φPSII = (Fm’ − Fs)/Fm’. The non-photochemical quenching
(NPQ) was calculated as NPQ = (Fm− Fm’)/Fm’ [100].

4.4. Determinationof Photosynthetic Pigments and Antioxidants

Photosynthetic pigment and antioxidant contents were determined on five fresh leaves
collected from five different plants (one leaf per plant) from each experimental condition.

The determination of the photosynthetic pigments content, namely total chlorophylls
(a + b) and carotenoids (x + c), was performed according to Lichtenthaler [101]. Leaf
samples of the known area (0.283 cm2) were homogenized in ice-cold 100% acetone using
a mortar and pestle. The extracts were centrifuged at 5000 rpm for 5 min in a Labofuge
GL (Heraeus Sepatech, Hanau, Germany). The sample absorbance was measured by a
spectrophotometer (UV-VIS Cary 100; Agilent Technologies) at wavelengths of 470, 645,
and 662 nm. Pigment concentration was expressed as µg cm−2.

The total polyphenol content was evaluated on fresh samples powdered in liquid
nitrogen. Samples were extracted in 80% methanol at 4 ◦C, centrifuged at 11,000 rpm for
5 min. The soluble fraction was mixed with 10% Folin–Ciocâlteu solution, 1:1 v/v, and after
3 min, 700 mM Na2CO3 solution was added to the resulting mixture (1:5, v/v). Samples
were incubated for 2 h in the darkness. The absorbance was measured at 765 nm with a
spectrophotometer (UV-VIS Cary 100; Agilent Technologies). The total polyphenol amount
was expressed as mg of Gallic Acid Equivalents g−1 FW (mg GAE g−1 FW) using a gallic
acid standard curve.

The anthocyanin content was determined on fresh samples powdered in liquid nitro-
gen, treated with methanol 1% HCl solution and stored overnight at 4 ◦C. After adding
1:0.6 (v/v) ultra-pure water and chloroform at 1:1.6, v/v), samples were centrifuged at
11,000 rpm for 5 min. After mixing the supernatant with 1:1 (v/v) (60% (methanol 1% HCl)
40% ultra-pure water)solution, the absorbance was measured using a spectrophotometer
(UV-VIS Cary 100, Agilent Technologies, Palo Alto, CA, USA) at 530 and 657 nm. The
relative amount of anthocyanin was expressed as (A530—1/3A657) g−1 FW [102].

The antioxidant capacity was assessed by the Ferric Reducing Antioxidant Power
(FRAP) assay, performed on fresh leaves powdered in liquid nitrogen, according to George
et al. [103]. Briefly, the samples (0.250 g) were treated with methanol/water solution (60:40,
v/v) and centrifuged at 14,000 rpm for 15 min at 4 ◦C. The extracts were mixed with the
FRAP reagents (300 mM acetate buffer pH 3.6, 1:16.6 v/v; 10 mM tripyridyltriazine, TPTZ,
in 40 mM HCl, 1:1.6 v/v; 12 mM FeCl3, 1:1.6 v/v) and incubated for 1 h in the dark. Then,
the absorbance was read at 593 nm by a spectrophotometer (UV-VIS Cary 100; Agilent
Technologies). The antioxidant capacity was calculated using a Trolox standard curve and
expressed as µmol Trolox equivalents g−1 FW (µmol Trolox eq g−1 FW).
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4.5. Total Soluble Carbohydrate Content and Protein Quantification

Total soluble carbohydrates were determined on five leaves for each treatment by the
anthrone method, as reported in Hedge and Hofreiter [104]. The absorbance was measured
at 630 nm using a spectrophotometer (UV-VIS Cary 100, Agilent Technologies, Palo Alto,
CA, USA). The amount of soluble carbohydrates in the extracts was expressed as mg
Glucose equivalents g−1 FW (mg Glu eq g−1 FW) using a Glucose standard curve.

Protein extraction was carried out on five fresh leaf samples ground in liquid nitrogen,
according to Wang et al. [105]. Total protein content was quantified by Bradford colorimetric
assay [106], measuring the sample absorbance at 595 nm by a spectrophotometer (UV-VIS
Cary 100, Agilent Technologies, Palo Alto, CA, USA). Using a BSA standard curve, the protein
concentration was expressed as µg BSA (bovine serum albumin) equivalents g−1 FW.

4.6. Statistical Analysis

Statistical data analysis was performed using SigmaPlot 12 software (Jandel Scientific,
San Rafael, CA, USA). The effect of IR (C- and Ti-ions) and LQ regimes (FL, RGB, RB) on
morphological, ecophysiological, and biochemical traits of chard plants were evaluated by
processing data by two-way analysis of variance (ANOVA) followed by Duncan multiple
comparison tests (p < 0.05). The Kolmogorov–Smirnov test was used to check the normality.
When the interaction between the two factors (IR×LQ) was significant, data were further
processed by applying one-way ANOVA, and multiple comparison tests were done with
the Duncan test.

The overall parameters were visualized by a heatmap, plotted using the ClustVis
program package (https://biit.cs.ut.ee/clustvis/online, accessed on 20 June 2022) and
clustering both rows and columns with Euclidean distance and average linkage. In the
heatmap, the numeric differences were evidenced by a color scale: red and blue indicate
increasing and decreasing values, respectively.

5. Conclusions

The irradiation of dry chard seeds with carbon or titanium high-energy ions signif-
icantly modified the plant response to light quality. In particular, under the FL regime,
gas exchanges of C- and Ti-ion-irradiated plants strongly declined compared to control.
However, control and C-ion-irradiated plants showed a physiological performance higher
than titanium plants in terms of for pigments content, PSII photochemical efficiency, and
bioactive compounds.

The growth under RGB and RB regimes offset the differences of gas exchanges between
control and C- and Ti-ion plants. C-ions induced the strongest antioxidant response
regardless of light quality regimes. Furthermore, the interaction Ti-ion × RB was effective
in improving iWUE, and the production of pigments, carbohydrates, and antioxidants.

The overall results indicate that by manipulating the interaction IR × LQ, it is possible
to regulate the photosynthesis in order to obtain plants that are more performing in resource
regeneration linked to gas exchanges (CO2 removal, O2 production) but also to modify
the bioactive compound amounts in leaf edible tissues, which may result in a beneficial
outcome for the astronauts’ diet.
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Abstract: Controlled Environment Agriculture (CEA) is a method of increasing crop productivity per
unit area of cultivated land by extending crop production into the vertical dimension and enabling
year-round production. Light emitting diodes (LED) are frequently used as the source of light energy in
CEA systems and light is commonly the limiting factor for production under CEA conditions. In the
current study, the impact of different spectra was compared with the use of white LED light. The various
spectra were white; white supplemented with ultraviolet b for a week before harvest; three combinations
of red/blue lights (red 660 nm with blue 450 nm at 1:1 ratio; red 660 nm with blue 435 nm 1:1 ratio;
red 660 nm with blue at mix of 450 nm and 435 nm 1:1 ratio); and red/blue supplemented with green
and far red (B/R/G/FR, ratio: 1:1:0.07:0.64). The growth, yield, physiological and chemical profiles of
two varieties of lettuce, Carmoli (red) and Locarno (green), responded differently to the various light
treatments. However, white (control) appeared to perform the best overall. The B/R/G/FR promoted
the growth and yield parameters in both varieties of lettuce but also increased the level of stem elongation
(bolting), which impacted the quality of grown plants. There was no clear relationship between the
various physiological parameters measured and final marketable yield in either variety. Various chemical
traits, including vitamin C content, total phenol content, soluble sugar and total soluble solid contents
responded differently to the light treatments, where each targeted chemical was promoted by a specific
light spectrum. This highlights the importance of designing the light spectra in accordance with the
intended outcomes. The current study has value in the field of commercial vertical farming of lettuce
under CEA conditions.

Keywords: controlled environment agriculture (CEA); light emitting diodes (LED); light spectra;
lettuce; yield; photosynthetic rate; vitamin C

1. Introduction

Environmental conditions present a major limiting factor for food production in most
regions of the world and this is particularly acute in desert countries such as Saudi Arabia
and most of the Middle East. High temperatures and water availability are major limiting
factors in these regions, and intense irradiation often exceeds crop absorption capacity. As a
consequence, “Controlled Environment Agricultural” (CEA) systems, or what is commonly
called “Plant Factory” (PF) systems, could provide promising solutions for food security
in these regions. Protected agriculture has developed from simple polytunnel structures
to high-tech glasshouses and is now developing to completely CEA that optimizes the
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productivity and quality of plants. Major technical developments influenced by advances
in precision technology, lighting, automation and data processing are making CEA systems
a cost-efficient reality [1]. CEA systems offer greater predictability and increases in crop
yield per unit area together with improvements in crop quality and improved shelf-life.

A PF is a typical vertical farming model based on a high-rise multi-level factory design
where recycled water is supplemented with nutrients and used to feed plants through an
advanced hydroponic system [2]. Light emitting diodes (LED) lighting systems are used as
the sole source of light (energy) in the PF setting and the energy consumption of the PF
can be offset using sustainable power generating systems such as photo-voltaics or wind
turbines. Such PFs are being created as both research and production facilities.

Light has a great impact on the growth, yield, development, morphology and chemical
composition of plants [3]. Light intensity (radiant density), light spectrum and photo-
period all have significant impacts on plant growth and physiology [4]. LED lighting
systems have unique features that enable them to be optimized for PF settings, including
high light-use efficiency, long life span and high efficacy, leading to reduced associated
heating [5] compared to other artificial lighting sources, such as fluorescent tubes or sodium
vapor lamps. Furthermore, spectral specificity can be introduced through the design of
the LED array by employing a mixture of LEDs with different wavelength emittance,
controlled through appropriate control systems [6–8]. Such systems have a high degree of
commercial applicability.

Plant species react differently to various wavelengths due to differences in their
photoreceptors [9,10]. A significant amount of research has investigated the impact
of LEDs on the growth, shape, yield and edible quality parameters of several plant
species [6,7,11–14]. The impact of LEDs on the chemical composition, such as vitamin
C content, chlorophyll content, soluble sugar, protein level and antioxidant activity has
also been the subject of an increasing amount of recent research [15–17].

Both red (R) and blue (B) wavelengths are reported to have significant impacts on
plant growth and development. These wavelengths are mainly absorbed by photosynthetic
pigments, leading to carbon assimilation. However, these wavelengths can also have
major effects on plant architecture and development [4]. Red induces transformations
in phytochrome and is important for phytochemical synthesis, such as phenolics and
oxalate. Red wavelengths are also essential for the development of the photosynthetic
apparatus [18,19]. Blue is crucial for the development of chloroplasts and for photo-
morphogenesis. Blue wavelengths are important in influencing stomatal opening and for
the upregulation of chlorophyll and anthocyanin [20,21]. Green wavelengths, although
not readily absorbed by the red/blue photosynthetic pigments, have an impact on the
growth and development of several plants and it has been reported that the addition of
green light to the red/blue LED arrays has a positive and significant impact on the leaf
growth of lettuce and on photosynthetic activities [22,23]. Legendre and Van Lersel [24]
reported the important impact of far-red on plant architecture and its positive influence
on plant photosynthesis. Wavelengths shorter than blue fall into the UV range and have
been reported to have a positive effect on the accumulation of secondary metabolites
in plants. These secondary metabolites often accumulate and perform many functions,
including acting as sunscreens in intense radiation environments and chemical protectants
against insect herbivory. Ferreyra et al., for example [25], reported that flavonoids were
accumulated under the impact of UV-B radiation.

Lettuce is widely cultivated in plant factories under LEDs [26] because of its capacity
to adapt to controlled environments. It is often used as a “test crop” in new installations. It
has a short growth cycle and a defined rosette shoot shape [27,28]. Several researchers have
investigated the impact of light spectra on the growth and development of lettuce [29] and
have reported that combined red and blue LEDs exhibit the highest chlorophyll content and
photosynthesis rate. However, when monochromatic blue or red LEDs were applied alone,
lettuce plants showed growth abnormality and a decrease in the rate of photosynthesis [30].
This finding is in agreement with what was reported by [31], indicating that the use of
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red LED alone resulted in reduction in biomass, chlorophyll content, carotenoid content
and antioxidant levels in lettuce. Others have also reported that red light alone led to
abnormality in lettuce, and a combination of 90% red and 10% blue had a positive impact
compared to red light only [32]. Furthermore, it has been reported that an increased fraction
of blue light at 435 nm in combination with red light at 663 nm at a high irradiance improved
the physiological indicators and enhanced the yield of lettuce [33]. It was also reported that
the photosynthetic rate and stomatal density depends on the red light/blue light ratio [29].
In this regard, it was reported that increasing R/B ratio from 0.5 to 3 enhanced the level of
chlorophyll and flavonoid content, nutrient uptake and water use efficiency of lettuce [5].

The study reported here presents the results of the first experiment to be carried out in
a customized PF research installation in Saudi Arabia. The PF was designed by researchers
from the University of Plymouth UK and assembled in China and was constructed in a
shipping container. The experiment aimed to investigate the impact of a wide range of
LED light spectra, including red, blue, green, far red, UV and white on the growth, yield
and quality traits of two varieties of lettuce (green and red). Moreover, it investigated
whether the relative ratio of blue and red LEDs would impact the growth, physiology
and chemical profile of lettuce compared to a full white spectrum. Finally, the impact
of supplementing the blue/red growth lights with UV, far-red and green LEDs was also
investigated. According to our data, this is the first study to investigate the impact of two
types of blues (450 nm and 435 nm) on the growth, physiology and chemistry of two types
of lettuces. Therefore, the current paper aimed to provide a deeper understanding of the
impact of light spectra on lettuce growth and development.

2. Materials and Methods

Seeds of two varieties of lettuce, Carmoli (red lettuce) and Locarno (green lettuce) (Rijk
Zwaan, Burgemeester Crezéelaan, De Lier, The Netherlands) were sown and germinated
for 14 days in the greenhouse at Muzahimiyah Research Station, King Abdulaziz City for
Science and Technology (KACST). Seeds were sown in Rockwool cubes (35 mm) (one seed
per cube) and when seedlings produced their first pair of true leaves, they were transferred
to the KACST Plant Factory research facility. The KACST Plant Factory facility is a converted
insulated modular shipping container where external light has been excluded. Its multi-
tier hydroponic growing system consists of gullies for a nutrient film technique (NFT)
hydroponic system and is installed with interchangeable LED light units. VitaLink Hydro
MAX (HydroGarden, Coventry, UK) nutrients (highly-concentrated A and B formulations)
was used as the nutrient solution in the system. The KACST Plant Factory system is
divided into several multi-shelf units, each consisting of four tiers 50 cm apart and plants
spaced 15 cm apart. The facility was fitted with air conditioning and dehumidification
systems and the temperature and humidity were monitored using an Autogrow control
system (Autogrow Systems Ltd., Auckland, New Zealand) set at 22 ± 2 ◦C and 75 ± 5%,
respectively. The dark/light period was set at 8/16 h. The facility is fitted with an entry
“air shower” and operatives wore clean sterile overalls, shoes and hats to maintain a clean
growing environment. No diseases or pests were observed throughout the experiments.

Light intensity (radiant density) was set at 250 ± 10 µmol m−2 s−1 and each LED
wavelength was adjustable so that each treatment maintained this light intensity. Six
Lumnigrow lighting arrays were used (Table 1) (LuminiGrow, Shenzhen, China) as follows:

1. White (50% cool white + 50% warm light) (W);
2. Red spectral bands with the maximum at660 nm and blue spectral bands with the

maximum at 450 nm with ratio (1:1) (R/B450(1:1));
3. Red spectral bands with the maximum at 660 nm and blue spectral bands with the

maximum at 435 with ratio (1:1), (R/B435(1:1));
4. Red spectral bands with the maximum at 660 nm and blue spectral bands with the maxi-

mum at 450, blue: red (1:1) supplemented by far red and green with ratio (1:1:0.07:0.64)
(B/R/G/FR (1:1:0.07:0.64). Green is a wide range wavelength (500–600 nm). Rare red
spectral bands with the maximum at 725 nm;
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5. White (50% cool white + 50% warm light) + UV-B (0.3 µW cm−1) (for an hour/24 h
for a week before harvest) (W/UV-B). UV-B intensity was set at 0.3 microwatt.cm−2

measured using UV Light Meter UV340B (UV Light Meter, UV340B, Shenzhen Ever
Good Electronic Co., Ltd., Shenzhen City, China). The UV-B was set to switch on
during the lighting period of the other wavelengths;

6. Red spectral bands with the maximum at 660 nm and blue at combination of blue
spectral bands with the maximum at 435 nm + 450 nm with ratio (1:1), blue: red (1:1).
(R/B450-435 (1:1) (Figure 1).
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Table 1. The relative ratio of light spectrum in the applied treatments (R refers to red, B refers to blue,
W refers to white, G refers to green, FR refers to far-red and UV to ultraviolet.

Treatment Red
(660 nm)

Blue
(450 nm)

Blue
(435 nm)

Green
(520 nm) Far Red UV-B

R/B450(1:1) 1 1 - - - -
W 0.94 0.53 1 0.13 -

R/B435(1:1) 1 - 1 - - -
B/R/G/FR 1 1 - 0.07 0.64 -

W/UV-B 0.94 0.53 1 0.13 +
R/B450-435 1 1 - -

2.1. Morphological Measurements

Morphological measurements included plant height (cm); leaf area (LA) (mm2) mea-
sured using an AM350 Portable Leaf Area Meter (ADC BioScientific, Herts, UK); shoot fresh
weight (FW); and dry weight (DW) (g) (after removing the root system) using a sensitive
Fisher Scientific SG-402 laboratory balance (Hampton, NH, USA). For dry weight, plants
were dried at 70 ◦C for 96 h [34].

For each stage of development, three replicates (in area) of four plants for each treat-
ment were assessed.

2.2. Physiological Measurements

Physiological responses to lighting treatments were measured at three stages of devel-
opment: 15 days, 30 days and 45 days (final harvest stage) after planting. Physiological
measurements included light-saturated instantaneous maximum photosynthetic rate Amax
(µmol CO2 m−2 s−1) and stomatal conductance (mol H2O m−2 s−1) measured using an
LI-COR 6400 Highly Portable Ambient Photosynthesis System (LI-COR LI 6400XT, Lincoln,
NE, United States).

For each stage of development, three replicates of four plants for each treatment
were assessed.
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2.3. Chemical Analysis

Ascorbic acid (vitamin C) was estimated using High Performance Liquid Chromatogra-
phy (HPLC) (Alliance Waters w2695 Separations Module, Milford, MA, USA). The extraction
solution was prepared using 3 g of metaphosphoric acid added to 100 mL of distilled water. A
total of 3 g of the plant fresh leaf material was added to the prepared extraction solution, and
this was mixed using Glas/Gol vortex (Glas/Gol tools, 711 Hulman St., Terre Haute, IN, USA)
at a speed of 70 RPM. The mix was transferred to a water bath (Branaon 8000 West Florissant
Avenue, St. Louis, MO, USA) held at 30 ◦C. The plant extract was then filtered using filter
paper (0.45 µm) and the supernatant used for the HPLC analysis using the following column
and settings: NewcrcmBH (3.2 × 50 mm, 3 µm), mobile phase: MeCN/H2O—50/50%, buffer:
H3PO4—0.5%, flow rate: 0.5 mL min−1, UV detection: 275 nm.

Total phenol content was estimated using gas chromatography (GC/MSD Systems—
5975C Series GC/MSD System, 5301 Stevens Creek Blvd., Santa Clara, CA, USA). Helium
was used as the carrier gas at an average flow rate of 28 cm3 min−1. A total of 5 g of plant
material was ground using a pestle and mortar, 20 mL of methanol was added and the mix
was filtered through a 125 mm filter paper. The supernatant obtained was then centrifuged
at 1000 rpm for 10 min (Hermle Labortechnik GmbH, Siemensstr. 25, Wehingen, Germany).

HPLC was used for the estimation of total soluble sugar content. The column and
settings were shim-pact CLC-NH2 (6.0 MM i.d. × 15 cm), mobile phase: Acetonitrile/water
(7/3), flow rate: 1.0 mL min−1.A total of 5 g of plant fresh material was ground using a
pestle ad mortar. A total of 20 mL of distilled water and 20 mL of ethanol were added to
the plant material. The mix was filtered through a 125 mm filter. The supernatant obtained
was then centrifuged at 1000 rpm for 10 min (Hermle Labortechnik GmbH, Siemensstr. 25,
Wehingen, Germany) and used for the soluble sugar analysis.

The total soluble solids of lettuce juice were estimated using a digital portable refrac-
tometer (101 model, ATAGO, Japan).

For Chlorophyll estimation, 1 g of plant leaves were ground in 20 mL of 80% acetone
using a pestle and mortar. Samples were then centrifuged for 5 min at 1000 rpm min−1

in a ROTOFIX 32 (Tuttlingen, Germany). The supernatant (2 mL) was placed in a cuvette
and the absorbance was measured at 663.6 (A663.6) and 646.6 (A646.6) using Jenway 7315
(Staffordshire, UK). The formulae are based on the absorbance maxima of each pigment
and are dependent on the solvent used. The formulae for samples dissolved in acetone are
as follows:

Ca = 12.25 A663.6 − 2.55 A646.6,

Cb = 20.31 A646.6 - 4.91 A663.6,

where
A663.6 is the solution absorbance at 663.6 nm and A646.6 is the absorption at 646.6;
Ca: chlorophyll A, Cb: chlorophyll B, Total C: total chlorophyll.
The values obtained were converted to estimate the chlorophyll content (mg) per gram

of fresh weight, following a previously described procedure [30].
Three biological replicates, each consisting of 4 plants (experimental replicates), were

applied for each chemical test.

2.4. Statistical Analysis

For each lettuce variety, three replicates for each treatment were applied. Each replicate
consisted of 4 plants (12 plants in total across the three developmental stages).

Results are presented as means ± standard error (S.E.). All data were subjected to
analysis of variance (ANOVA), using Minitab software (version 19) and comparisons of
means were made using the least significant difference test (LSD) at 5% level of probability.
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3. Results
3.1. Morphological Parameters

The two varieties of lettuce (green and red) used in this experiment responded differently
to the various growing light spectra and are presented separately for ease of interpretation.

For green lettuce, all of the various light spectra were capable of producing acceptable
marketable lettuce, but some spectra performed better than others. In terms of final yield,
white light and white light + UV provided the best crops with most leaves, highest leaf
area and greatest fresh weight (Figure 2). R/B450 supplemented by far-red and green
(R/B/G/FR 1:1:0.07:0.64) treatments significantly increased plant height (p ≤ 0.001) by
increasing stalk length. This increase in stalk length indicates a premature flowering
response and is an undesirable characteristic for marketable lettuce.
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developmental stages and growth rates significantly accelerated in the last 15 days of 
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Figure 2. The impact of LED light spectrum on (A) plant height (cm); (B) plant fresh weight (g);
(C) number of leaves; (D) plant fresh weight (g); (E) leaf area (cm2) and (F) stalk height (cm) of green
lettuce (Locarno variety) at three developmental stages, 15, 30 and 45 days from transplanting in
the plant factory. Letters indicate significant differences (p < 0.05) between treatments within each
experiment (* refers to the interaction between treatments).
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These effects were evident even at early harvests (Figure 2).
For the red lettuce variety, the effects reported above for green lettuce were less

accentuated. Whilst R/B450 supplemented by far-red and green (R/B/G/FR 1:1:0.07:0.64)
treatments still led to increases in stalk length, the R/B/G/FR 1:1:0.07:0.64 treatment was
the only treatment where this was at unacceptable levels for marketable lettuce. The white
light treatment provided the most acceptable marketable lettuce.

Differences between the various light spectra were much less evident at the early
developmental stages and growth rates significantly accelerated in the last 15 days of
growth (between 30 and 45 days) (Figure 3).Plants 2023, 12, x FOR PEER REVIEW 8 of 16 
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lettuce and red lettuce (p ≤ 0.001) (Figure 4A). R/B 450 (1/1) and R/B 435 (1:1) resulted in 
plants with a higher photosynthetic rate in comparison with the use of the white spectrum. 
Overall, the photosynthetic rate in green lettuce was significantly higher than that of red 
lettuce (p ≤ 0.001). 

Light treatment had a significant impact on the stomatal conductance rate (p ≤ 0.001). 
The highest level of stomatal conductance rate was observed when R/B 435 (1:1) light 

Figure 3. The impact of LED light spectrum on (A) plant height (cm); (B) plant fresh weight (g);
(C) number of leaves; (D) plant fresh weight (g); (E) leaf area (cm2) and (F) stalk height (cm) of
Carmoli variety (red lettuce) at three developmental stages, 15, 30 and 45 days from transplant-
ing in the plant factory. Letters indicate significant differences (p < 0.05) between treatments
in each experiment.
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3.2. Physiological Parameters

Light treatment had a significant impact on the photosynthetic rate of both green
lettuce and red lettuce (p ≤ 0.001) (Figure 4A). R/B 450 (1/1) and R/B 435 (1:1) resulted in
plants with a higher photosynthetic rate in comparison with the use of the white spectrum.
Overall, the photosynthetic rate in green lettuce was significantly higher than that of red
lettuce (p ≤ 0.001).
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Figure 4. The impact of LED light spectrum on (A) photosynthetic rate (µmol CO2 m−2 s−1);
(B) stomatal conductance (mol H2O m−2 s−1); (C) transpiration rate (mmol H2O m−2 s−1) of
green lettuce (Locarno variety) Carmoli variety (red lettuce). Letters indicate significant differences
(p < 0.05) between treatments in each experiment. (Capital letters are for green lettuce and small
letters are for red lettuce.)

Light treatment had a significant impact on the stomatal conductance rate (p ≤ 0.001).
The highest level of stomatal conductance rate was observed when R/B 435 (1:1) light
treatment was applied to both green and red lettuce (Figure 4B). There was impact of lettuce
variety (p = 0.305) and no significant interaction between the lettuce varieties and light
treatment (p = 0.216) (Figure 4B).

The highest level of transpiration rate was observed under R/B 435 (1:1) treatments
(p ≤ 0.001). However, there was no significant impact of the lettuce variety (p = 0.998) and
no significant interaction between lettuce variety and light treatment on transpiration rate
(p = 0.446) (Figure 4C).

3.3. Chemical and Quality Traits

A significant effect of light treatment (p ≤ 0.001), lettuce variety (p = 0.018) and the
interaction between light treatment and lettuce variety (p ≤ 0.001) on the level of vitamin C
was observed (Figure 5A). The highest level of vitamin C in green lettuce was observed
under R/B/G/FR (1:1:0.07/0.64), whilst in red lettuce the highest level of vitamin C was
observed under R/B 450 (1:1) and white light. Moreover, whilst the addition of UV-B
treatment to white light seemed to have a significant negative impact on the content of
vitamin C in red lettuce, the lowest level of this vitamin C was observed under R/B 450
(1:1) in green lettuce (Figure 5A).
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Figure 5. The impact of LED light spectrum on (A) vitamin C contents (PPM); (B) total phenol content
(%); (C) soluble sugar content (PPM); (D) total soluble solids (%) of green lettuce (Locarno variety)
Carmoli variety (red lettuce). Letters indicate significant differences (p < 0.05) between treatments
within each experiment.

Total phenol content was also affected by light treatment, lettuce variety and the
interaction between light treatment and lettuce variety (p ≤ 0.001). The highest phenol
content in green lettuce was observed using R/B 450 (1/1) whilst in red lettuce the content
of phenol was the highest under white + UV-B treatment (Figure 5B).

There was a significant impact of light treatments, lettuce variety and the interac-
tion between light treatment and lettuce variety (p ≤ 0.001) on the level of total soluble
sugar (Figure 5C). While white + UV light treatment induced the highest level of soluble
sugar in green lettuce, growing red lettuce under the white light had the most positive
impact (Figure 5C).

Total soluble solid was impacted by light treatment, lettuce variety and the interaction
between light treatment and lettuce variety (p ≤ 0.001). R:B450-435(1/1) introduced the
highest level to total soluble solids in green lettuce. However, R:B:G:FR (1/1/0.07/0.64)
light treatment induced the highest level of total soluble solids in red lettuce (Figure 5D).

Light spectrum had a significant impact on chlorophyll content in both green and
red lettuce varieties (p ≤ 0.001) and overall chlorophyll was lower in green lettuce than
in red lettuce. R/B450 (1/1) induced the highest level of chlorophyll A and B in green
lettuce (Figure 6A) and R/B/G/FR (1:1:0.07:0.64) provided the highest content in red
lettuce (Figure 6B).
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4. Discussion

To obtain the maximum output from plants grown under CEA, particularly in commer-
cial PF situations, lighting conditions need to be optimized. In particular, the light spectrum
can now be manipulated using LED lighting arrays using customised research platforms
similar to those installed in the KACST Plant Factory research facility [6,35]. It was shown
in the current study that the light spectrum needs can even be variety-specific within a
species, indicating that there can be differences in photoreceptors between commercial
varieties, a finding supported by other published work [6–10,33].

White light in CEA or PFs is usually supplied using designated white LEDs, which tend
to be phosphor-coated blue LEDs generating a full white spectrum including a green rich
portion as shown in Figure 1. However, “white light” can also be supplied by employing
a combination of monochromatic red, blue and blue LEDs in an array. Both approaches
provide a white light and make the facility more user-friendly, but it is not clear which
is the best to use for commercial production. Many recent commercial facilities have not
opted for white light but instead have invested in red/blue lights to maximize the utilizable
radiant energy produced per kW of electrical energy input (the efficacy). The results
presented here for two varieties of lettuce clearly demonstrate that both white light and
red/blue and red/blue/blue combinations are capable of producing marketable lettuce but
significant differences did exist in growth and development rates. White light produced
the best plants in terms of commercial yield at the end of the experiment, whereas R/B
and R/B/G led to significant stalk lengthening, reducing the marketability. However, the
results indicated that under R/B and R/B/G, marketable stage had actually been reached
earlier, and although a smaller individual size may have occurred as a result, a marketable
product had been achieved some days earlier compared to that under white light. This
finding is in agreement with other research that reported the positive impact of white light
on the growth and development of plants [36]. The current findings are also in accordance
with other research, indicating that lettuce plants grown with spectra that included green
light had better growth parameters, such as fresh and dry weights, compared to those
grown with light focused in the red and blue region [37]. These findings with lettuce
contradict the reports with other species such as basil, which indicate that focusing the
lights in the red/blue spectrum promotes growth and yield [7,8], asserting that species can
vary in their spectral needs. In our experiment, two R/B LED combinations were tested
with the blue either at the 450 nm range corresponding to chlorophyll B absorption or 435
nm corresponding to chlorophyll A absorption as our previous research with basil had
indicated a distinct preference for 435 nm over the more conventionally used 450 nm (9).
In this case, the wavelength of blue at 435 nm did not promote the growth and yield, as
well as the use of blue at 450 nm, which contradicts the findings obtained with basil (9).
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These species differences appear to be genetically based, which emphasizes that different
species respond differently to light spectra, probably due to differences in terms of pigment
composition, photoreceptors, plant morphological structure and chemical composition.

Two supplementary non-photosynthetically active LED spectra were also investigated
in the current experiment, UV-B and far-red. Whilst the UV-B had no effect on growth
and production, the far red did. The far-red supplementation is becoming increasing in
interest since Zou (2019) [38], who reported that the total biomass of lettuce was increased
by 39% and 25% when the light spectrum was supplemented with FR-Day (through the
day) and FR-EOD (end of the day) treatments, respectively. Far red is known to be involved
in Phytochrome regulation which in turn regulates morphological and physiological prop-
erties and plays a critical role in mediating plant growth and development [39]. In the
current study, there was a detectable effect of the far-red supplementation in terms of stem
elongation. However, in lettuce production, this is a detrimental quality characteristic that
can be associated with bolting, i.e., an early stage towards flowering, which is usually
associated with an increased bitter taste and reduced marketability.

Overall, the photosynthetic rate was significantly higher in green lettuce than in red
lettuce and light spectrum had significantly different effects on the physiological traits
measured. The general trend was that the light spectra which produced the best overall
yield (white light) had significantly lower photosynthetic rates and lower transpiration
rates when measured. It has to be noted that final yield is an integration of biomass
production, partitioning and respiration over time (45 days) whilst photosynthetic rate is
an instantaneous measurement at one point in time. It has been reported that sensitivity of
a lettuce plant to lighting spectra is determined by its cultivar’s metabolic plasticity [40].
Focusing the lights in the red and blue region (450 nm or 435 nm or a combination of both)
had a significant impact on various physiological parameters, including photosynthetic
rate, stomatal conductance and transpiration rate, compared with white light. Similar
effects were reported in terms of the impact of light spectrum of both basil and lemon
balm growth under controlled environment conditions [8–10]. However, in the current
study, the significant improvements in the physiological traits did not translate into an
improvement in the growth rate of either green or red lettuce. It can only be assumed that
the morphological structure and metabolic pathways are species specific. More research is
needed for a further understanding of the conflicting findings regarding the photosynthesis
parameters and growth traits observed, and it is clear that no inferences on final yield can
be drawn from instantaneous photosynthetic activity measurements.

Light spectra had a significant impact on various chemical contents of both lettuce
varieties. There was also a significant interaction between light treatment and lettuce type
in terms of the impact on vitamin C content. While red/blue450 (1:1) treatment significantly
increased the content of vitamin C in red lettuce, it has a very negative impact in green
lettuce. White light, however, had a positive impact on the vitamin C content of both
green and red lettuce. This finding agrees with other reports that suggest that achieving a
positive impact on the content of vitamin C is complex, because metabolism of antioxidant
properties in lettuce depends on multicomponent exposure of variety, light quality and
several other factors related to the growing conditions [41]. Light spectra also impacted the
total phenol content in both lettuce varieties, and focusing the lights in the red/blue region
significantly increased the accumulation of phenols. The effect of UV-B was of interest as
it was predicted that UV would influence secondary metabolism which would include
phenolic content. Interestingly, red lettuce responded positively to supplementation with
UV, whilst a negative effect of UV was detected in green lettuce. In agreement with the
current findings, it has been reported that blue light and ultraviolet-A (UV-A) significantly
increase the total phenolic content in soybean [42]. It was also reported that UV irradiation
can improve the accumulation of phenolic compounds with antioxidant properties in
lettuce cultivated in controlled environment systems [43].

Light treatment had a significant impact on the total soluble sugar in both green and
red lettuces. While white light increases the content of these compounds in red lettuce,
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it was white spectrum supplemented with UV that promoted the highest level of soluble
sugar in green lettuce. This is in agreement with previous studies, which indicated that
the soluble sugar content of plants grown under RBW treatment is significantly higher
compared to those grown under R/B treatments [44]. The higher sugar content could
improve the taste and have a positive impact on palatability. Light spectra also had a
significant impact on the total soluble content, and this was significantly higher in red
lettuce than in green lettuce.

The positive impact of R/B treatments on the chlorophyll content observed in this
study agrees with the findings of Naznin (2019) [31], who reported that chlorophyll A,
chlorophyll B, and total chlorophyll content of lettuce, spinach, basil, and pepper was
significantly increased under the R/B light treatment. However, this is in contrast to
previous reports indicating that the total chlorophyll content of lettuce plants treated with
blue and red light was less than that of lettuce plants treated with FL (fluorescent light)
(white) [45]. In addition, it has been reported that continuous white LED lighting increased
chlorophyll content in lettuce [40]. This could be due to genetic variations and also to
differences between the experimental conditions in which the other studies were conducted
and those of the current research. The positive impact of far red and green supplementation
was observed in red lettuce and not in green lettuce. This could be caused by the different
compositions of pigment content. It could be also caused by the genetic variations.

UV supplement did not seem to have an overall great impact on the chemical traits
of both lettuce varieties. This could be due to the use of low doses for a short period of
time (one week before final harvest). Future research needs to include more duration and
intensity treatment combinations in order to unfold the possible role of UV in improving
the chemical profile of lettuce.

5. Conclusions

This investigation set out to compare the effects of various light spectra on the growth
and physiological parameters of both red and green varieties of lettuce. Whilst light spectra
had a significant impact on various traits, it was apparent that the best spectrum was white
light. By using R/B or R/Bl/G spectra, some aspects of physiology could be enhanced,
especially instantaneous photosynthetic rate leading to quicker growth, but within the
parameters of this experiment, this led to stem elongation and reduced marketability.
Attention must be focused on the use of R/B light commercial production systems and
recognizing that commercial harvest of a potentially smaller product will be achieved earlier
than a conventional white light growing system. This could have commercial advantage if
the smaller lettuce size was acceptable to the purchaser. It is worth noting that the addition
of far-red wavelengths to the spectrum accentuated the stem elongation in both varieties of
lettuce, which needs to be used with caution in commercial set-ups.

There was no clear trend of a light spectrum impact on the general chemical profiles
measured despite significant differences being measured. UV-B irradiation gave some
indication that it could increase phenolic content, but this effect was only clear in red
lettuce. More research is still needed to investigate the mechanism of spectrum impact
on the chemical profile of lettuce and on other plant species, since this is clearly species-
dependent. Moreover, more studies of possible interactions between light intensity and
spectra are recommended.

Author Contributions: Conceptualization, A.A.A. (Abdullah A. Alrajhi) and H.Z.R.; methodology,
A.S.A.; formal analysis, A.S.A.; investigation, A.S.A. and A.A.I.; resources, A.A.A. (Abdullah A.
Alrajhi) and A.A.I.; data curation, A.S.A.; writing—original draft preparation, A.A.A. (Abdullah A.
Alrajhi), A.S.A. and H.Z.R.; writing—review and editing, H.Z.R. and M.P.F.; visualization, A.S.A.;
supervision, I.M.A. and A.A.A. (Abdullah A. Alsadon); project administration, A.A.A. (Abdullah A.
Alrajhi); funding acquisition, A.A.A. (Abdullah A. Alrajhi). All authors have read and agreed to the
published version of the manuscript.

100



Plants 2023, 12, 463

Funding: This research was funded by King Abdulaziz City for Science and Technology (grant
number: KACST 41-31129).

Acknowledgments: Authors acknowledge funding from King Abdulaziz City for Science and Tech-
nology (KACST), and all technical support from the National Centre for Agriculture
Technology (NCAT).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shamshiri, R.; Kalantari, F.; Ting, K.; Thorp, K.R.; Hameed, I.A.; Weltzien, C.; Ahmad, D.; Shad, Z.M. Advances in greenhouse

automation and controlled environment agriculture: A transition to plant factories and urban agriculture. Int. J. Agric. Biol. Eng.
2018, 11, 1–22. [CrossRef]

2. Benke, K.; Tomkins, B. Future food-production systems: Vertical farming and controlled-environment agriculture. Sustain. Sci.
Pract. Policy 2017, 13, 13–26. [CrossRef]

3. Abidi, F.; Girault, T.; Douillet, O.; Guillemain, G.; Sintes, G.; Laffaire, M.; Ahmed, H.B.; Smiti, S.; Huché-Thélier, L.; Leduc, N. Blue
light effects on rose photosynthesis and photomorphogenesis. Plant Biol. 2013, 15, 67–74. [CrossRef] [PubMed]

4. Chen, X.-L.; Yang, Q.-C.; Song, W.-P.; Wang, L.-C.; Guo, W.-Z.; Xue, X.-Z. Growth and nutritional properties of lettuce affected by
different alternating intervals of red and blue LED irradiation. Sci. Hortic. 2017, 223, 44–52. [CrossRef]

5. Pennisi, G.; Blasioli, S.; Cellini, A.; Maia, L.; Crepaldi, A.; Braschi, I.; Spinelli, F.; Nicola, S.; Fernandez, J.A.; Stanghellini, C.
Unraveling the Role of Red: Blue LED Lights on Resource Use Efficiency and Nutritional Properties of Indoor Grown Sweet Basil.
Front. Plant Sci. 2019, 10, 305. [CrossRef]

6. Rihan, H.Z.; Aljafer, N.; Jbara, M.; McCallum, L.; Lengger, S.; Fuller, M.P. The Impact of LED Lighting Spectra in a Plant Factory
on the Growth, Physiological Traits and Essential Oil Content of Lemon Balm (Melissa officinalis). Plants 2022, 11, 342. [CrossRef]

7. Rihan, H.Z.; Aldarkazali, M.; Mohamed, S.J.; McMulkin, N.B.; Jbara, M.H.; Fuller, M.P. A Novel New Light Recipe Significantly
Increases the Growth and Yield of Sweet Basil (Ocimum basilicum) Grown in Plant Factory System. Agronomy 2020, 10, 934.
[CrossRef]

8. Aldarkazali, M.; Rihan, H.Z.; Carne, D.; Fuller, M.P. The growth and development of sweet basil (Ocimum basilicum) and bush
basil (Ocimum minimum) grown under three light regimes in a controlled environment. Agronomy 2019, 9, 743. [CrossRef]

9. Sims, D.A.; Gamon, J.A. Relationships between leaf pigment content and spectral reflectance across a wide range of species, leaf
structures and developmental stages. Remote Sens. Environ. 2002, 81, 337–354. [CrossRef]

10. Brown, C.S.; Schuerger, A.C.; Sager, J.C. Growth and photomorphogenesis of pepper plants under red light-emitting diodes with
supplemental blue or far-red lighting. J. Am. Soc. Hortic. Sci. 1995, 120, 808–813. [CrossRef] [PubMed]

11. Lin, K.-H.; Huang, M.-Y.; Hsu, M.-H. Morphological and physiological response in green and purple basil plants (Ocimum
basilicum) under different proportions of red, green, and blue LED lightings. Sci. Hortic. 2021, 275, 109677. [CrossRef]

12. Kornpointner, C.; Martinez, A.S.; Marinovic, S.; Haselmair-Gosch, C.; Jamnik, P.; Schröder, K.; Löfke, C.; Halbwirth, H. Chemical
composition and antioxidant potential of Cannabis sativa L. roots. Ind. Crops Prod. 2021, 165, 113422. [CrossRef]

13. Zhang, S.; Ma, J.; Zou, H.; Zhang, L.; Li, S.; Wang, Y. The combination of blue and red LED light improves growth and phenolic
acid contents in Salvia miltiorrhiza Bunge. Ind. Crops Prod. 2020, 158, 112959. [CrossRef]

14. SharathKumar, M.; Heuvelink, E.; Marcelis, L.F.M. Vertical Farming: Moving from Genetic to Environmental Modification. Trends
Plant Sci. 2020, 25, 724–727. [CrossRef] [PubMed]

15. Kim, K.; Kook, H.-S.; Jang, Y.-J.; Lee, W.-H.; Kamala-Kannan, S.; Chae, J.-C.; Lee, K.-J. The effect of blue-light-emitting diodes on
antioxidant properties and resistance to Botrytis cinerea in tomato. J. Plant Pathol. Microbiol. 2013, 4, 203.

16. Wu, M.-C.; Hou, C.-Y.; Jiang, C.-M.; Wang, Y.-T.; Wang, C.-Y.; Chen, H.-H.; Chang, H.-M. A novel approach of LED light radiation
improves the antioxidant activity of pea seedlings. Food Chem. 2007, 101, 1753–1758. [CrossRef]

17. Ohashi-Kaneko, K.; Takase, M.; Kon, N.; Fujiwara, K.; Kurata, K. Effect of light quality on growth and vegetable quality in leaf
lettuce, spinach and komatsuna. Environ. Control Biol. 2007, 45, 189–198. [CrossRef]

18. Choi, H.G.; Moon, B.Y.; Kang, N.J. Effects of LED light on the production of strawberry during cultivation in a plastic greenhouse
and in a growth chamber. Sci. Hortic. 2015, 189, 22–31. [CrossRef]

19. Liandong, Q.; Shiqi, L.; Li, X.; Wenyan, Y.; Qingling, L.; Shuqin, H. Effects of light qualities on accumulation of oxalate, tannin
and nitrate in spinach. Trans. Chin. Soc. Agric. Eng. 2007, 23, 201–205.

20. Li, Q.; Kubota, C. Effects of supplemental light quality on growth and phytochemicals of baby leaf lettuce. Environ. Exp. Bot.
2009, 67, 59–64. [CrossRef]

21. Giliberto, L.; Perrotta, G.; Pallara, P.; Weller, J.L.; Fraser, P.D.; Bramley, P.M.; Fiore, A.; Tavazza, M.; Giuliano, G. Manipulation of
the blue light photoreceptor cryptochrome 2 in tomato affects vegetative development, flowering time, and fruit antioxidant
content. Plant Physiol. 2005, 137, 199–208. [CrossRef]

22. Kamal, K.Y.; Khodaeiaminjan, M.; El-Tantawy, A.A.; Moneim, D.A.; Salam, A.A.; Ash-shormillesy, S.M.; Attia, A.; Ali, M.A.;
Herranz, R.; El-Esawi, M.A. Evaluation of growth and nutritional value of Brassica microgreens grown under red, blue and green
LEDs combinations. Physiol. Plant. 2020, 169, 625–638. [CrossRef]

101



Plants 2023, 12, 463

23. Kim, H.H.; Wheeler, R.M.; Sager, J.C.; Gains, G.; Naikane, J. Evaluation of Lettuce Growth Using Supplemental Green Light
with Red and Blue Light-Emitting Diodes in a Controlled Environment—A Review of Research at Kennedy Space Center. In
Proceedings of the V International Symposium on Artificial Lighting in Horticulture 711, Lillehammer, Norway, 21–24 June 2005;
pp. 111–120.

24. Legendre, R.; van Iersel, M.W. Supplemental far-red light stimulates lettuce growth: Disentangling morphological and physiolog-
ical effects. Plants 2021, 10, 166. [CrossRef] [PubMed]

25. Ferreyra, M.L.F.; Serra, P.; Casati, P. Recent advances on the roles of flavonoids as plant protective molecules after UV and high
light exposure. Physiol. Plant. 2021, 173, 736–749. [CrossRef] [PubMed]

26. Shimizu, H.; Saito, Y.; Nakashima, H.; Miyasaka, J.; Ohdoi, K. Light environment optimization for lettuce growth in plant factory.
IFAC Proc. Vol. 2011, 44, 605–609. [CrossRef]

27. Saito, Y.; Shimizu, H.; Nakashima, H.; Miyasaka, J.; Ohdoi, K. The effect of light quality on growth of lettuce. IFAC Proc. Vol. 2010,
43, 294–298. [CrossRef]

28. Goins, G.D.; Ruffe, L.M.; Cranston, N.A.; Yorio, N.C.; Wheeler, R.M.; Sager, J.C. Salad Crop Production under Different Wavelengths
of Red Light-Emitting Diodes (LEDs); SAE Technical Paper; SAE International: Warrendale, PA, USA, 2001.

29. Wang, J.; Lu, W.; Tong, Y.; Yang, Q. Leaf morphology, photosynthetic performance, chlorophyll fluorescence, stomatal development
of lettuce (Lactuca sativa L.) exposed to different ratios of red light to blue light. Front. Plant Sci. 2016, 7, 250. [CrossRef]

30. Wang, X.; Xu, X.; Cui, J. The importance of blue light for leaf area expansion, development of photosynthetic apparatus, and
chloroplast ultrastructure of Cucumis sativus grown under weak light. Photosynthetica 2015, 53, 213–222. [CrossRef]

31. Naznin, M.T.; Lefsrud, M.; Gravel, V.; Azad, M.O.K. Blue Light added with Red LEDs Enhance Growth Characteristics, Pigments
Content, and Antioxidant Capacity in Lettuce, Spinach, Kale, Basil, and Sweet Pepper in a Controlled Environment. Plants 2019,
8, 93. [CrossRef] [PubMed]

32. Tang, Y.; Guo, S.; Ai, W.; Qin, L. Effects of Red and Blue Light Emitting Diodes (LEDs) on the Growth and Development of Lettuce (var.
Youmaicai); SAE Technical Paper; SAE International: Warrendale, PA, USA, 2009.

33. Mohamed, S.J.; Rihan, H.Z.; Aljafer, N.; Fuller, M.P. The Impact of Light Spectrum and Intensity on the Growth, Physiology, and
Antioxidant Activity of Lettuce (Lactuca sativa L.). Plants 2021, 10, 2162. [CrossRef]

34. Saha, S.; Monroe, A.; Day, M.R. Growth, yield, plant quality and nutrition of basil (Ocimum basilicum L.) under soilless agricultural
systems. Ann. Agric. Sci. 2016, 61, 181–186. [CrossRef]

35. Mills, T.; Dunn, B. LED Grow Lights for Plant Production; Oklahoma Cooperative Extension Service: Oklahoma City, OK, USA,
2016.

36. Massa, G.D.; Kim, H.-H.; Wheeler, R.M.; Mitchell, C.A. Plant productivity in response to LED lighting. HortScience 2008, 43,
1951–1956. [CrossRef]

37. Kim, H.-H.; Goins, G.D.; Wheeler, R.M.; Sager, J.C. Green-light supplementation for enhanced lettuce growth under red-and
blue-light-emitting diodes. HortScience 2004, 39, 1617–1622. [CrossRef] [PubMed]

38. Zou, J.; Zhang, Y.; Zhang, Y.; Bian, Z.; Fanourakis, D.; Yang, Q.; Li, T. Morphological and physiological properties of indoor
cultivated lettuce in response to additional far-red light. Sci. Hortic. 2019, 257, 108725. [CrossRef]

39. Viczián, A.; Klose, C.; Ádám, É.; Nagy, F. New insights of red light-induced development. Plant Cell Environ. 2017, 40, 2457–2468.
[CrossRef]
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Abstract: This study investigated the effects of supplemental inter-lighting on paprika (cv. Nagano
RZ) in South Korea in summer using various LED light sources. The following LED inter-lighting
treatments were used: QD-IL (blue + wide-red + far-red inter-lighting), CW-IL (cool-white inter-
lighting), and B+R-IL (blue + red (1:2) inter-lighting). To investigate the effect of supplemental lighting
on each canopy, top-lighting (CW-TL) was also used. Additionally, a control without supplemental
lighting was included for comparison. Significant variations were observed in the plant growth
indexes 42 days after treatment. The SPAD values and total chlorophyll content in the last period of
cultivation were significantly higher than those of the control. In November, the marketable fruit yield
was significantly higher than that of the control. QD-IL, CW-IL, and CW-TL resulted in significantly
higher values of total soluble solids than the control, and CW-IL resulted in higher values of ascorbic
acid content than the control. Regarding the economic analysis, CW-IL resulted in the highest net
income rate (12.70%) compared with the control. Therefore, the light sources of CW-IL were assessed
as suitable for supplemental lighting due to the highest total soluble solids, ascorbic acid content,
and net income rate obtained.

Keywords: paprika (Capsicum annum L.); summer-cultivated; supplemental lighting; inter-lighting;
top-lighting; LED; economic analysis

1. Introduction

Paprika is a high-income crop and a representative fruit vegetable in greenhouses,
and as health-focused eating habits are becoming more widespread, the cultivation area of
paprika in Republic of Korea is also increasing [1]. Paprika is cultivated in both summer and
winter in Korea. Summer cultivation tends to yield about 20% less than winter cultivation
because of intense solar radiation, high air temperatures, and humidity [2]. Intense solar
radiation causes high temperatures by increasing the radiant heat in a greenhouse. Exposure
to high temperatures in flower buds 16 to 18 days before anthesis causes pollen sterility and
a reduction in pollen viability, which reduces fruit size and fruit set [3]. Furthermore, due
to summer torrential rain, there is a large variation in solar radiation [4]. In addition, Korea
has a summer rainy season called the “Changma” due to the monsoon system in East Asia.
Recent weather changes have resulted in heavy rainfall, and increased deep convection
was evident in August and September [5,6]. In other words, during the summer cultivation
of paprika in Korea, high temperatures caused by intense solar radiation can reduce yields.
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Additionally, the period of weak sunlight during torrential rain can also be a limitation for
paprika cultivation. Previous studies indicated that a decrease in source strength, such as
solar radiation, led to a linear increase in the rate of fruit abortion, and it was also reported that
a 1% reduction in light resulted in a decrease in the average yield between 0.8 and 1% [7,8].
Shades artificially created to simulate cloudy and rainy days reduced the daily light integral
(DLI), which resulted in reduced tomato yields [9]. In addition, fruit vegetables in greenhouses
cultivated at high density often lead to excessive mutual shading among plants [10]. Therefore,
in order to improve the growth and yield of paprika in greenhouses even in summer, it may
be necessary to improve the light environment, not only by shading plants to prevent
intense solar radiation but also with supplemental lighting.

Artificial light sources such as a high-pressure sodium (HPS) lamps or light-emitting
diodes (LEDs) can be primarily used for supplemental lighting. The choice between HPS
lamps and LEDs depends on the application, as HPS lamps have a broader light distribution,
which enables a wide area to be covered, and LEDs have a narrower light distribution, with
a greater focus on the lighting area [11,12]. However, compared with LEDs, it is difficult to
manipulate the spectra of HPS lamps or even to dim them, and they present a great heat
emission compared with LEDs [13]. Greenhouse fruit vegetables, such as paprika, mostly
use a high-wire training system, i.e., the main stems are supported with a vertical high wire
to ensure crop loads [14,15]. Overhead lighting, such as HPS lamps, tends to only focus
light on the upper canopy, which can cause mutual shading in the lower canopy and reduce
the light reaching the lower parts of high-wire crops [16]. Therefore, in previous studies,
supplemental inter-lighting with LEDs has been used in greenhouse fruit vegetables to
effectively reduce mutual shading by distributing light to plants [9,16–21].

In summer, supplemental lighting can be restricted due to intense solar radiation and
high air temperatures. Previous studies reported that supplemental LED inter-lighting
during the summertime increased the stomatal conductance and transpiration rate but
did not induce physiological changes in the intra-canopy due to the high DLI, and LED
inter-lighting during summertime tomato cultivation resulted in a greater dry matter
allocation to leaves and stems than to flowering and fruit development compared with
the control [22,23]. However, another study reported that although daytime light in the
summer could not improve the yield, nighttime LED inter-lighting had a positive effect
on photosynthesis, growth and yields in summer and winter [17]. In the Mediterranean
and Jordan Valley, which have a relatively high amount of solar radiation, supplemental
LED lighting was used for the purpose of increasing yields, while in other studies, it was
hypothesized that supplemental LED lighting could improve the yield, total soluble solids,
and ascorbic acid parameters of greenhouse tomato plants even in extremely hot summers
when shading is needed [19,20,24]. In paprika cultivation in Korea, supplemental lighting
has been mostly applied to winter cultivation, which presents low solar radiation [25–27].
Nevertheless, the hot period is considered in this approach, and supplemental lighting is
used during the rainy season, which has a low amount of solar radiation, so an increase in
both quantity and quality can also be expected in summer cultivation.

In horticulture, LED fixtures usually combine red, blue, white, and far-red LEDs;
in the case of white LEDs, due to their widespread usage, their fraction can increase to
more than 60% of the total LEDs [28]. A well-known method for producing white LEDs is
the combination of yellow-emitting yttrium aluminum garnet (YAG) phosphor and blue-
emitting LED chips, but this kind of white LED lacks the wavelength of strong red, which
is mainly used for photosynthesis [29,30]. Recently, quantum dot (QD) materials were
applied in white LEDs to increase the strong-red wavelength, and they were applied in
blue LEDs to obtain the blue, red, and far-red wavelengths to provide potential application
value for agricultural production [29,30].

In conclusion, it is necessary to determine whether the growth and yield increase
through LED supplemental lighting is valid in Korean summer paprika cultivation, which
is characterized by high temperatures due to strong solar radiation during the cultivation
period and a significant decrease in sunlight due to a long rainy season. Furthermore, even
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though a 2012 study by Jokinen et al. reported that the overall profitability of LED inter-
lighting was highly sensitive to yield advantages, product pricing, and installation costs, it
also found that when electricity costs and capital costs were combined, LED product prices
were still reported to be too high to become profitable at that time [31]. However, many
studies still tend to only compare the effects of LED inter-lighting with physiological effects.
Therefore, in this study, we used various light sources to select the most suitable option
for Korean summer-cultivated paprika, such as LEDs using QD materials, which provide
a customized optimal light quality for production, and different lighting positions such
as inter-lighting and top-lighting. Additionally, the profitability of supplemental lighting
in summer cultivation was investigated through economic analysis. This study aimed to
investigate the effect of supplemental lighting with various LEDs, such as those using QD
materials, considering the summer climate in South Korea, which is characterized by high
temperatures caused by intense solar radiation and long periods of low light due to the
rainy season, and examine the effectiveness of supplemental lighting in summer cultivation
using economic analysis.

2. Results
2.1. Plant Growth

Regarding the plant growth of paprika, except for the leaf area index (LAI), the other
values were not significant 56 days after treatment (DAT) (Table 1). However, plant growth
index, plant height, number of nodes, number of leaves, and LAI had different initial values
for each paprika plant.

Table 1. Plant growth of paprika after 56 days of supplemental lighting ± SEM (n = 21).

Treatment z Height (cm) No. of Nodes
(ea)

No. of Leaves
(ea)

LAI
(m2/m2)

No.
of Flower (ea)

No.
of Fruit Set (ea)

QD-IL 155.4 ± 2.0 a y 30.86 ± 0.29 a 91.52 ± 1.32 a 4.15 ± 0.14 ab 2.00 ± 0.12 a 9.49 ± 0.47 a
CW-IL 155.5 ± 1.9 a 30.67 ± 0.23 a 90.62 ± 0.89 a 4.21 ± 0.13 ab 1.71 ± 0.14 a 9.39 ± 0.43 a
B+R-IL 158.0 ± 2.1 a 31.14 ± 0.34 a 90.76 ± 0.88 a 4.18 ± 0.11 ab 1.86 ± 0.11 a 9.71 ± 0.40 a
CW-TL 159.3 ± 2.9 a 31.71 ± 0.34 a 92.48 ± 1.41 a 4.48 ± 0.12 a 2.00 ± 0.13 a 9.38 ± 0.49 a

Cont 151.8 ± 2.3 a 30.52 ± 0.36 a 87.90 ± 1.83 a 3.84 ± 0.14 b 1.67 ± 0.15 a 9.33 ± 0.52 a
z Treatment included: QD-IL, quantum dot LED inter-lighting; CW-IL, cool-white LED inter-lighting; B+R-IL, blue
+ red LED inter-lighting; CW-TL, cool-white LED top-lighting; Cont, without supplemental lighting. y Means
with different letters within column indicate statistically significant differences by Duncan’s multiple range test at
the 5% level.

The growth indexes were more meaningful in terms of how much they increased
during the supplemental lighting treatment compared with the initial value rather than
the plant growth state on a specific DAT (Figure 1). Regarding the increases in plant
height, number of nodes, and LAI, significant differences were observed between the
supplemental-lighting-treated plants and the control at 14, 42, and 28 DAT, respectively,
while in the case of the number of leaves, a significant difference was only seen at 42 DAT,
and the number of leaves was maintained at the same level in all the experimental groups.

Regarding the number of flowers and number of fruit sets, the number of flowers was
maintained at 0~2, and the number of fruit sets was maintained at 5~9 regardless of the
supplemental lighting period.
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Figure 1. Variance in paprika plant growth during supplemental lighting application. (a) Height,
(b) number of nodes, (c) number of leaves, and (d) leaf area index (LAI) increased compared with
the initial values. Supplemental lighting treatments: QD-IL, QD inter-lighting; CW-IL, cool-white
inter-lighting; B+R-IL, blue + red inter-lighting; CW-TL, cool-white top-lighting; Cont, without
supplemental lighting. Vertical bars indicate ± SEM (n = 21). Values marked with different letters
indicate significant differences according to Duncan’s multiple range test at the 5% level.

2.2. Leaf Characteristics

The SPAD values were not significant at 56 DAT regardless of the canopy, but the
NDVI of the mid-canopy showed a significant difference at 56 DAT between the QD and
cool-white inter-lighting treatments compared with the control. In the case of Fv/Fm, there
was a significant difference among the treatment groups at 56 DAT, but it was difficult to
evaluate whether the effect was due to supplemental lighting (Table 2).

Table 2. Leaf characteristics of paprika after 56 days of supplemental lighting ± SEM (n = 21).

Treatment z
SPAD NDVI Fv/Fm y

Top Canopy Mid Canopy Top Canopy Mid Canopy Top Canopy Mid Canopy

QD-IL 62.28 ± 0.56 a x 67.52 ± 0.54 a 0.632 ± 0.003 a 0.637 ± 0.004 a 0.791 ± 0.014 a 0.784 ± 0.007 c
CW-IL 61.60 ± 0.83 a 65.82 ± 0.74 a 0.636 ± 0.003 a 0.633 ± 0.004 a 0.784 ± 0.010 a 0.790 ± 0.008 c
B+R-IL 62.73 ± 0.64 a 66.56 ± 0.67 a 0.629 ± 0.003 a 0.630 ± 0.004 ab 0.774 ± 0.008 a 0.826 ± 0.007 a
CW-TL 63.93 ± 0.67 a 67.41 ± 0.54 a 0.627 ± 0.003 a 0.626 ± 0.004 ab 0.780 ± 0.006 a 0.812 ± 0.005 ab

Cont 62.57 ± 0.68 a 67.01 ± 0.46 a 0.634 ± 0.003 a 0.620 ± 0.004 b 0.774 ± 0.011 a 0.799 ± 0.008 bc
z See Table 1 for details on the treatment included. y In the case of Fv/Fm (n = 18). x Means with different letters
within column indicate statistically significant differences by Duncan’s multiple range test at the 5% level.

Regarding the variation in SPAD values after treatment, the top-canopy SPAD values
were significantly different from those at 0 DAT. Therefore, the results of the leaf charac-
teristics may have varied for each individual leaf. In addition, regarding the results 28
DAT, which were affected by August and September conditions, which did not meet the
standard DLI, the average of the SPAD values of the control were lower than those of the
supplemental-lighting-treated plants, even though there were no significant differences.
However, the difference between the control group and the supplemental-lighting-treated
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plants at 42 days was not a significant difference. This means that solar radiation had
a greater impact than inter-lighting, which compensated for mutual shading due to the
plant height (Figure 2a,b). Moreover, at 56 DAT, the paprika was sufficiently grown, and
we pinched out the growing tips so that it was able to continuously receive supplemental
lighting in a certain position.

Figure 2. Leaf characteristics, especially chlorophyll content, of paprika plants for each canopy during
supplemental lighting application. (a,b) Variations in SPAD values. (c,d) SPAD and total chlorophyll
content (TCC) of leaves harvested in the last period of cultivation. Supplemental lighting treatments:
QD-IL, QD inter-lighting; CW-IL, cool-white inter-lighting; B+R-IL, blue + red inter-lighting; CW-TL,
cool-white top-lighting; Cont, without supplemental lighting. Vertical bars indicate ±SEM (n = 21) in
(a–c) and ±SEM (n = 9) in (d). Values marked with different letters indicate significant differences
according to Duncan’s multiple range test at the 5% level.

The results of the SPAD values and total chlorophyll content measured by harvesting
leaves at each height in the last period of cultivation were as follows: Regarding the SPAD val-
ues, in the case of the top canopy, the supplemental lighting treatment showed a significant
difference compared with the control. In the case of the mid-canopy, the QD inter-lighting
treatment showed the highest value, and compared with the control, supplemental lighting
resulted in significantly higher values (Figure 2c). The total chlorophyll content, in the
case of the top canopy, was significantly higher in the plants receiving all the supplemen-
tal lighting treatments, except for those receiving the blue + red inter-lighting treatment,
than in control plants; in the case of the mid-canopy, this value was significantly higher
in the supplemental-lighting-treated plants, except for plants receiving the cool-white
inter-lighting treatment, than in the control (Figure 2d). The significant difference in the
measured chlorophyll values seems to have occurred due to the sites for the SPAD value
measurement and the sampling sites for the total chlorophyll content measurement. How-
ever, regarding both values, the supplemental lighting treatment resulted in higher values
than the control. Therefore, to induce a significant difference in the chlorophyll content
using inter-lighting, conditions of large mutual shading, such as great plant height or high
LAI, and continuous supplemental lighting in the same position to illuminate the same
leaves are necessary.
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2.3. Yield and Fruit Characteristics

In the case of the total fruit set number, there was a difference in September due to the
continuous insufficient solar radiation received from August to September. Moreover, in
November, the last period of cultivation, the total fruit set number of the supplemental-
lighting-treated plants was higher than that of the control plants (Figure 3a).

Figure 3. (a) Total fruit set number during supplemental lighting application. (b) Marketable fruit
number during supplemental lighting application. (c) Marketable fruit yield during supplemental
lighting application. (d) Non-marketable fruit number during supplemental lighting application.
Marketable fruit means that there were no flaws, such as blossom rot, insect damage, sunburn, or
malformation, and the weight was more than 100 g. In November, marketable fruits included green
paprika, which was unripe but mature and in equal condition to the marketable variety. Supplemental
lighting treatments: QD-IL, QD inter-lighting; CW-IL, cool-white inter-lighting; B+R-IL, blue + red
inter-lighting; CW-TL, cool-white top-lighting; Cont, without supplemental lighting. Vertical bars
indicate ± SEM (n = 3). Values marked with different letters indicate significant differences according
to Duncan’s multiple range test at the 5% level.

Marketable fruits refer to fruits excluding those that were dropped or removed due to
serious damage and those of less than 100 g in fruit weight. In the case of the marketable
fruit number, there were no differences in September, but a significantly higher number
was obtained with the supplemental lighting treatment than with the control in November
(Figure 3b). Regarding the marketable yield, there was a significant difference between the
cool-white top-lighting treatment and the control in November, but no significant differences
were found among the other treatments (Figure 3c). The number of non-marketable fruits was
the lowest with the cool-white inter-lighting treatment, but this was not significant due to the
large standard error between the treatments and blocks (Figure 3d). The marketable yield
was the highest with the cool-white inter-lighting treatment, even with the lowest number
of fruit sets. Moreover, the lowest number of non-marketable fruits was obtained with
the cool-white inter-lighting treatment. Based on these results, there was a difference in
the number of fruit sets and the number of marketable fruits obtained with supplemental
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lighting at harvest in November, at the end of cultivation. Non-marketable fruits can be
largely classified into those with blossom rot, insect damage caused by oriental tobacco
budworm (Helicoverpa assaluta), sunburn, and malformations (Figure 4). Blossom rot occurred
in large quantities from August to September, which was a high-temperature period and
included a long rainy season. Insect damage occurred in large quantities from September
to October. Sunburn and malformations in the paprika fruits rarely occurred. In the case
of non-marketable fruit, the degree of occurrence differed for each block and presented
large standard errors; thus, the supplemental lighting treatment was not necessarily the
cause. However, in the plants receiving the QD inter-lighting treatment and the blue +
red inter-lighting treatment with higher blue–light-ratio spectra, there was a tendency of
damage due to oriental tobacco budworm. Regarding moths, a higher attractiveness of blue
light than white, green, and red light sources was observed [32]. Therefore, it is necessary
to check whether the use of LEDs after sunset has any side effects of attracting pests.

Figure 4. Each type of non-marketable fruit generated during the supplemental lighting period and
degree of occurrence. Supplemental lighting treatments: QD-IL, QD inter-lighting; CW-IL, cool-white
inter-lighting; B+R-IL, blue + red inter-lighting; CW-TL, cool-white top-lighting; Cont, without
supplemental lighting. Vertical bars indicate ±SEM (n = 3). These results were not statistically
significant due to the large standard error between each block.

There were no significant differences in the physical characteristics of the fruits due
to supplemental lighting (Table 3). Among the internal characteristics of the fruits affected
by the number of harvest days, the total soluble solids and ascorbic acid content showed
significant differences. In the case of total soluble solids, except for the blue + red inter-lighting
treatment, the rest of the supplemental lighting treatments resulted in higher values than the
control. In the case of the ascorbic acid content, cool-white inter-lighting resulted in the
highest value, showing a significant difference compared with blue + red—inter-lighting
and the control (Table 4). Due to the high non-marketable rate caused by the blue + red
inter-lighting treatment, compared with those observed with other treatments, we did not
observe a significant difference compared with the control. In Appolloni’s study (2021),
most of the supplemental lighting studies were associated with positive effects on the total
soluble solids and ascorbic acid content, but inconsistent results were also found due to
other factors [24].
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Table 3. Physical characteristics of fruits during the supplemental lighting ± SEM (n = 30).

Treatment
z

Fruit Weight
(g)

Fruit Length
(mm)

Fruit Width
(mm)

No. of
Locules (ea)

Pericarp
Thickness

(mm)

QD-IL 194.4 ± 5.4 a y 90.27 ± 1.55 a 82.52 ± 1.10 a 3.61 ± 0.05 a 6.18 ± 0.11 a
CW-IL 195.4 ± 4.9 a 94.72 ± 1.73 a 82.35 ± 0.94 a 3.49 ± 0.13 a 6.11 ± 0.10 a
B+R-IL 189.0 ± 5.3 a 90.81 ± 1.51 a 80.88 ± 1.07 a 3.61 ± 0.06 a 6.34 ± 0.14 a
CW-TL 192.9 ± 6.0 a 91.22 ± 1.90 a 83.20 ± 1.07 a 3.67 ± 0.08 a 6.05 ± 0.11 a

Cont 197.6 ± 4.8 a 94.58 ± 1.55 a 83.23 ± 1.12 a 3.57 ± 0.07 a 6.21 ± 0.14 a
z See Table 1 for details on the treatment included. y Means with different letters within column indicate
statistically significant differences by Duncan’s multiple range test at the 5% level.

Table 4. Fruit characteristics during the supplemental lighting affected by harvest time ± SEM
(n = 21).

Treatment z
Total Soluble

Solids
(Brix◦)

Ascorbic Acid
Contents y

(mg·100 g−1)

Firmness
(N) a Value

QD-IL 7.18 ± 0.05 a x 117.9 ± 3.0 ab 37.15 ± 0.67 a 36.28 ± 1.24 a
CW-IL 7.34 ± 0.04 a 121.7 ± 2.3 a 38.52 ± 1.40 a 34.24 ± 0.95 a
B+R-IL 6.87 ± 0.15 b 114.0 ± 1.4 b 35.98 ± 0.97 a 33.37 ± 1.26 a
CW-TL 7.23 ± 0.07 a 117.7 ± 2.8 ab 40.52 ± 1.57 a 34.12 ± 1.02 a

Cont 6.93 ± 0.10 b 111.4 ± 2.2 b 39.41 ± 1.50 a 32.97 ± 0.79 a
z See Table 1 for details on the treatment included. y In the case of ascorbic acid contents (n = 9). x Means with
different letters within column indicate statistically significant differences by Duncan’s multiple range test at the
5% level.

2.4. Economic Analysis

The net income rate was the highest with the cool-white inter-lighting treatment
due to its high marketable yield and the second-lowest total incremental cost (Table 5).
The total incremental costs of LED installation per 1000 m2 for the experimental period were
calculated to be USD 1769 for QD inter-lighting, USD 2015 for cool-white inter-lighting,
USD 2138 for blue + red inter-lighting, and USD 3137 for cool-white top-lighting. For the
same period, the electricity usage costs per 1000 m2 were calculated to be USD 657 for QD
inter-lighting, USD 753 for cool-white inter-lighting, USD 1330 for blue + red inter-lighting,
and USD 1137 for cool-white top-lighting. Therefore, almost 70% of the total incremental
cost was spent on LED installation.

Table 5. Economic analysis of paprika fruits during the supplemental lighting.

Treatment z
Marketable

Yield
(kg/1000 m2)

Gross Income y

(USD/1000 m2)

Incremental Cost (USD/1000 m2)
Net Income v

(USD/1000 m2)
Net Income
Rate u (%)LED

Installation x
Electricity

Cost w Total

QD-IL 8970 33,262 1769 657 2425 1370 4.65
CW-IL 9660 35,978 2015 753 2768 3743 12.70
B+R-IL 9120 33,857 2138 1330 3468 921 3.13
CW-TL 9480 34,915 3137 1137 4274 1173 3.98

Cont 7890 29,468 - - - - 0.00
z See Table 1 for details on the treatment included. y Unit price of red or green paprika per kg × marketable yield
per 1000 m2. x (LEDs cost + SMPS cost) × number of light sources per 1000 m2 ÷ life expectancy of LED ÷ 12 ×
experiment period. - Life expectancy of LED as 11.42 years, and experiment period as 3.3 months. w Electricity
consumption of light sources × supplemental lighting time × agricultural electricity cost per kWh × number of
light sources per 1000 m2. - Supplemental lighting time as 6.7 h, and agricultural electricity cost as 40 KRW per
kWh. v Gross income—(total incremental cost + gross income of Control). u Net income ratio = ((gross income of
control + net income)/(gross income of control) × 100) − 100.

Since the increase in the gross income due to the increase in the marketable yield obtained
with supplemental lighting was confirmed in November, to increase the net income, it is nec-
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essary to reduce the total incremental cost using low-cost, high-efficiency LEDs. Additionally,
the unit price per kg of green paprika was USD 3.32, which was lower than that of red
paprika, whose unit price per kg was USD 3.96. In this experiment, green paprika was
sold in November because of concerns about chilling injury. Korean summer cultivation
usually involves a cultivation period from June to November. Therefore, it is economically
advantageous to distribute the November harvest as red paprika fully ripened in a heated
greenhouse.

3. Discussion

In this experiment, the internal environment of the greenhouse reached 30 ◦C in
summer, from June to August. In September, the optimum temperature for growth was
reached, and in November, the temperature dropped, so cultivation could not be continued
because of concerns about chilling injury. In addition, due to torrential rain, the proportions
of days when the internal DLI of the greenhouse was less than 12 mol·m−2·d−1 were 48.4%
in August and 60.0% in September. Therefore, in August, the high-temperature period, the
occurrence of blossom rot rapidly increased due to the increase in the EC of the medium,
and the marketable yield decreased in September, the low-light period.

Inducing significant growth variations in the plant height, number of nodes, and
LAI of paprika required supplemental lighting for at least 42 days. The chlorophyll index
of the leaf characteristics was measured, and the NDVI showed significant differences
for among each of the treatments at 56 DAT. However, SPAD presented both significant
and non-significant values during the supplemental lighting period until the pinching
out of the growing tips. Therefore, at the end of cultivation, the leaves were harvested to
measure their total chlorophyll content together with SPAD. These values were generally
higher in the supplemental-lighting-treated plants than in the control plants. In order to
increase the chlorophyll content in the leaves with supplemental lighting, at least 56 days
were required. In addition, inter-lighting application for a long time under conditions
of large mutual shading with an increased plant height or LAI is considered effective
for increasing chlorophyll content. In the case of the number of fruit sets, there was
a significant difference among the treatments in September, when solar radiation was
insufficient, but the difference compared with the control was not large, and there were
significant differences in the number of fruit sets, the number of marketable fruits, and
the marketable yield compared with November. In terms of the general soluble solids of
paprika fruit, the value depends on the period of harvest and the cultivars. Through a
comparison of fruit quality among 12 cultivars, it was shown that the range of brix levels
was from 6.7 to 9.0 [33]. However, shading has been reported to reduce the soluble solids
content of the fruit [9,34]. It has also been reported that higher temperatures during the
harvest period result in lower soluble solids contents, and an increase in the soluble solids
contents within the fruit is largely due to lower temperatures and assimilated currents [35].
The total soluble solids were generally low due to reduced daily light integral caused by
torrential rain and high summer temperatures. However, except for the blue + red inter-
lighting treatment, the total soluble solids were significantly higher in the supplemental
lighting treatments than in the control. Therefore, summer supplemental lighting can serve
as compensation for lower total soluble solids due to an overall harsh environment. However,
in the blue + red inter-lighting treatment, the total soluble solids were lower than in the control
without supplemental lighting. This may be related to the high levels of non-marketable
fruit, such as those with blossom rot, which occurred in the blue + red inter-lighting group
around August the most. The general ascorbic acid content of paprika fruit, according
to RDA’s Korean Food Composition Database, is known to be 91.75 mg per 100 g, but
depending on the cultivars, it can range from 55.3 to 189 mg per 100 g [36]. Supplemental
inter-lighting can increase the ascorbic acid content of tomato and paprika fruits [17,37].
However, increasing temperatures above 27 degrees can cause an inhibition of ascorbic
acid accumulation [38]. Rather than the effect of shading on the ascorbic acid content, it
has been reported that increasing the light intensity can increase the ascorbic acid content
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and stimulate the antioxidant system [9,39]. In this experiment, the ascorbic acid content in
the supplemental-lighting-treated group was higher than that in the control, but only the
cool white inter-lighting treatment was significantly different from the control. Therefore,
the effect of a high temperature on the ascorbic acid content seems to be greater than that
on the total soluble solids. The effect of supplemental lighting on the ascorbic acid content
was not as significant as that on the total soluble solids, so the difference is expected to
be quite small. In the case of blue + red inter-lighting, there was no difference compared
to the control. This was consistent with the tendency of total soluble solids, which is
related to the high level and rate of non-marketable fruit, such as those with blossom rot,
in August. In addition, the degree of fruit maturity can affect the total soluble solids and
firmness, and several reports have shown that LED light can affect the harvest time [40].
Therefore, fruits that were harvested at the same number of days after full bloom were
compared. The internal quality, such as the total soluble solids and ascorbic acid contents,
showed a significant difference in the supplemental LED lighting treatment. However,
there was no significant difference in the firmness, which is related to the cellular texture of
the paprika pericarp. The Hunter a value showed no significant difference between the
treatments. According to Kim’s research, in the case of paprika fruit color, unlike tomatoes,
paprika has an irregular skin surface color; thus, there was no significant difference in
color, but the individual carotenoid content was significantly different according to the
supplemental lighting [37]. Overall, the effects of supplemental lighting were observed in
terms of the growth, yield, and fruit characteristics. However, it was difficult to determine
the effects of the supplementing light in a short period of time during the rainy season, from
August to September. Inter-lighting is known as an effective supplemental lighting method
to eliminate mutual shading and illuminate lower canopies [16]. In this experiment, the
observed effects relative to August~September, i.e., the low-light period, are thought to be
due to the fact that the plant height or LAI was still too low for mutual shading to occur.
In addition, it is thought that the effect of the supplemental lighting was relatively low
due to the stress caused by the high temperature, which was above the optimum growth
temperature, along with the low-light period. It has been reported that shade-induced
stress and high-temperature stress have the same susceptible effect on paprika plants, act
with the same process, leading to fruit and flower abscission, and may also act on the
assimilates available for flower and fruit development [7]. In this experiment, shade stress
was compensated for by using supplemental lighting, but the temperature increase inside
the greenhouse could not be suppressed only by shade cloth. Therefore, non-marketable
fruits, such as fruits affected by blossom rot, and the rate of fruit dropping were high,
even if insect-damaged fruits were excluded. In conclusion, it is considered that it is more
effective to perform long-term supplemental lighting in a greenhouse, which is a more
controlled environment where year-round cultivation is possible, than using supplemental
lighting for short-term cultivation.

Among the LEDs used in this experiment, the QDs had a wide range of red and
far-red spectra along with blue spectra. A previous study reported that the effects of far-red
supplemental lighting on greenhouse tomatoes in the off season were a high total soluble
solids and a high dry matter rate, and the quality was improved enough to be recognized by
consumer panelists [41]. In contrast, there was an increase in the yield when supplemental
lighting was used in Mediterranean tomato cultivation, but there were no effects of adding
far-red lighting at that latitude; in the cultivation of paprika with far-red supplemental
lighting, the yield increased but the carotenoid content decreased, indicating an antagonistic
relationship [37,42]. On the other hand, there was also a report indicating that the use of
far-red supplemental lighting in paprika resulted in dry matter being distributed in the
branches and stems and in a reduced number of fruit sets [43]. According to these reports,
the effect of far-red supplemental lighting is influenced by various factors, such as the
cultivation location and the ratio of far-red light. In this experiment, the treatment with QDs
with far-red supplemental lighting resulted in higher values of growth, marketable yield,
and total soluble solids than the control, and so did the cool-white treatment. However, the
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quality of paprika, such as the level of carotenoid pigments in fruits determined according
to the wavelength, requires additional confirmation. The cool-white LEDs used in the
two treatments of inter-lighting and top-lighting were characterized by a wide green
wavelength with a high color temperature. During the experiment, supplemental lighting
was applied around sunrise and sunset. At those times, the ratios of the spectrum to the
light intensity of the red and green wavelengths were found to be lower than those of the
blue wavelengths and those in the daytime. At twilight, the daylight spectrum changes
very rapidly and can trigger a strong response in plants [44]. Therefore, it is expected that
this effect can be obtained using supplemental lighting with an adequate light spectrum
during the sunrise and sunset periods. Green light is known to indicate that the loss of
absorptance efficiency due to the sieve effect is small, and it is also known to indicate that
the increases in absorptance efficiency are due to the détour effect [45]. In addition, green
light drives photosynthesis more effectively than red light in white light at high PPFDs
even though red light is greater at low PPFDs [45].

In a research study on paprika treated with supplemental LED inter-lighting in Jordan
Valley by Joshi et al. (2019), inter-lighting using cool-white and RGB light resulted in the
highest yield, and it was reported that the green spectral component in cool-white LEDs could
be advantageous for inter-lighting [19]. In the case of the two cool-white supplemental lighting
treatments used in this experiment, the growth, marketable yield, and fruit characteristics
were higher than those of the control, but there were no clear differences between the
QDs or blue + red lighting and other wavelengths. However, the cool-white inter-lighting
induced the highest marketable yield, and the non-marketable fruit rate was relatively low.
Therefore, it is necessary to check whether there are side effects, such as an attraction of
specific pests (ex. Helicoverpa assulta), depending on the spectrum of LEDs when using
supplemental LED lighting at sunset.

As a result of the economic analysis, all the supplemental lighting treatments resulted
in a higher net income than the control. Among the supplemental lighting treatments,
cool-white inter-lighting resulted in the highest net income rate due to the appropriate total
incremental costs and the highest marketable yield. It is important to increase the marketable
yield to increase the net income rate compared with the control, but it is also important to
reduce the total incremental cost through the use of inexpensive and efficient light sources.
QD inter-lighting had a lower marketable yield than the two cool-white treatments, but it had
the lowest installation costs and electricity costs. Therefore, it is necessary to compare whether
it is possible to reduce the costs when manufacturing cool-white wavelength lighting using
QD inter-lighting. In particular, top-lighting was very effective in some indexes, such as the
November marketable yield and top-canopy leaf SPAD value, but in terms of net income, it
resulted in lower values than the QD inter-lighting or cool-white inter-lighting. It seems
that more LEDs would be needed for the top-lighting to produce the same intensity as
inter-lighting at a certain distance from the paprika plants; as a result, the incremental cost
increased, and the net income decreased. Blue + red inter-lighting resulted in the lowest
net income among the supplemental lighting treatments. Although non-marketable fruits
occurred the most with this treatment, the reason for the low net income seemed to be that
the electricity cost out of the total incremental cost was the highest compared with the rest
of the light sources.

4. Materials and Methods
4.1. Plants and Growth Conditions

This study was conducted from 23 May 2022 to 9 November 2022 in an unheated, multi-
span plastic greenhouse (width of 13 m, length of 28 m, and eave height of 2.5 m) at Kangwon
National University, located in Chuncheon, Gangwon-do (37◦52′18.6′′ N, 127◦44′45.9′′ E).
The plant material was paprika (Capsicum annuum L. cv. Nagano RZ), which is commonly
cultivated due to the smallest variation in fruit set between fruit groups, and its high yield
and long storage life was used to assess the effect of supplemental lighting on summer
cultivation [33,46,47]. The paprika was raised for 4 weeks at Gangwon-do Agricultural
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Research & Extensions Services and then transferred to a greenhouse. Three paprika seedlings
were transplanted at 160 × 33 cm intervals on 100 × 20 × 10 cm Coir slabs (BIOGROW
DUO; Biogrow, Mas de la Fabrègue, France). Before transplanting, the Coir slabs were fully
hydrated with paprika standard nutrient solution with an EC of 2.0 dS·m−1. Irrigation
was determined by considering the weather conditions, the growth stage of paprika,
the amount of drainage, and the drainage EC. The irrigation EC was between 2.0 and
3.0 ds·m−1, and irrigation was performed using 100~150 mL at a time. Irrigation lasted
from 1.5~2 h after sunrise up to 3~4 h before sunset. On sunny days, plants were irrigated
with irrigation drippers 8~10 times a day. On cloudy days, plants were only irrigated before
noon. Paprika was cultivated with twin-head systems that trained the main stem into a “V”
shape, branching from 4~5 nodes [15]. In order to maintain the vegetative stage in early
cultivation, flowers up to 3 nodes above the branching point were thinned out. To ensure
that each node had an adequate number of leaves, one leaf on the main stem and another
on each of the lateral stems were kept. When the height of a paprika plant exceeded the
greenhouse eave height, we pinched out the growing tips of the shoots.

During cultivation, the internal greenhouse environmental data of air temperature,
relative humidity, and integrated solar radiation were monitored in real time with envi-
ronmental sensors (ioCrops Clima; ioCrops, Seoul, Republic of Korea) placed at the center
of the greenhouse. The external greenhouse environmental data were obtained using an
automated surface-observing system (ASOS) provided by Korea Meteorological Adminis-
tration (KMA) (Figure 5a,b). The annual mean value of photosynthetically active radiation
(PAR) is 45% of solar radiance, which can be changed by the intensity and photoperiod,
and can also be estimated with solar radiance measurements [48,49]. These estimations are
particular to the studied region, but the principles can be applied generally [48]. In this
study, the estimation of the DLI was based on a report from Korea by Lee et al. (2002) [50]
(Figure 5c). The estimated DLI values were compared based on 12 mol·m−2·d−1, which
is known as the minimum DLI required for the paprika production cycle [51]. Regarding
the solar spectrum inside the greenhouse, a handheld spectrometer (MK350S; UPRtek,
Zhunan, Taiwan) was used to measure the spectrum after sunrise (07:00~08:00), around
noon (13:00~14:00), and before sunset (18:00~19:00) at 4-week intervals at the center of the
greenhouse, and the average values were used to indicate the wavelength according to the
relative intensity (Figure 5d). A 55% aluminum screen was installed in the greenhouse for
shading. If the temperature in the greenhouse increased to 30 ◦C and the solar radiation
intensity exceeded 300 W/m2, causing the paprika leaves to start wilting, we added the
shade cloth. When the solar radiation intensity dropped below 100 W/m2, we removed the
shade cloth.

4.2. LED Fixtures and Supplemental Lighting

Inter-lighting LED light sources were created using 120 cm bar-type LED fixtures
with a 40 W power each. We used QDs that included blue- and a wide range of red- and
far-red-wavelength LEDs (Cheorwon Plasma Research Institute, Gangwon-do, Republic
of Korea), cool-white-wavelength LEDs with a color temperature of 5700 K (HT400-5700;
BISSOL LED, Seoul, Republic of Korea), and blue+red-wavelength LEDs with a ratio of
blue to red of 1:2 (HT402-1; BISSOL LED, Seoul, Republic of Korea) (Figure 6a). To ensure
inter-lighting, we employed a flat hanger bracket to affix two LEDs in opposite directions
without an overlap, which illuminated the inner canopy. In addition, they were designed to
be height-adjustable with wire so that they could be suspended in the greenhouse. The light
intensity was adjusted to around 145± 5 µmol·m−2·s−1 at a distance of 10 cm from the light
sources. To determine the effects of supplemental lighting on each canopy, top-lighting
LEDs for overhead lighting were produced using cool-white LEDs.
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Figure 5. Changes in the greenhouse environment during the experimental period. (a) Mean tempera-
ture (◦C). (b) Mean relative humidity (%). (c) Daily light integral (mol·m−2·d−1), where the standard
DLI was based on the minimum DLI required for paprika. (d) Changes in solar spectrum over time:
after sunrise (07:00~08:00), around noon (13:00~14:00), and before sunset (18:00~19:00). (e) Image of
sensor measuring the greenhouse environment (iocrops Clima).

To secure the same level of light intensity as inter-lighting, we arranged three bar-type
LEDs without overlapping because the top-lighting structure was at a certain distance from
the upper canopy of the paprika. We employed a 300 × 170 mm plastic panel, of which
only two ends were bound together to minimize the shading caused by the light sources. In
addition, the LEDs were designed to be height-adjustable with wire so that they could be
suspended in the greenhouse. Top-lighting LEDs were made to be dimmable to control the
light intensity when the height of the LEDs could not be increased because the greenhouse
eave height restricted it. The spectrum of each LED fixture used was the average value
measured three times during the experimental period. To show the ratio of the wavelengths
for each LED fixture, 100% stacked bar graphs of PPF-UV, PPF-B, PPF-G, PPF-R, and PPF-
NIR were used (Figure 6b). LEDs for supplemental lighting were installed at 2/3 of the
plants based on the slabs between the paprika stems when the paprika plants had grown
enough, on 23 July, to illuminate the intra-canopy (Figure 7). Top-lighting was installed
30 cm above the fully developed upper canopy leaves below the growing point, and the
light intensity was the same as that of the inter-lighting. Supplemental lighting was applied
during 16 h photoperiods, i.e., 04:00~20:00. However, when the greenhouse temperature
and solar radiation exceeded 30 ◦C and 100 W/m2, respectively, supplemental lighting
was discontinued during the day. Every four weeks, the inter-lighting LED position was
adjusted to illuminate the intra-canopy at 2/3 of the plants based on the slabs according to
the growth of the paprika plants. Similarly, the top-lighting LED position was also adjusted
every four weeks. When the top-lighting LEDs reached the greenhouse eave height and we
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could not adjust the height of the LEDs, we dimmed the light intensity in alignment with
the inter-lighting.

Figure 6. (a) Spectrum relative intensity of LED fixtures used in the experiment. QD, quantum dot;
CW, cool-white; B+R, blue + red. (b) PPF-UV (380~399 nm), PPF-B (400~499 nm), PPF-G (500~599 nm),
PPF-R (600~699 nm), and PPF-NIR (700–780 nm) 100% stacked bar graph for the LED fixtures used in
the experiment.

Figure 7. Representative images taken during cultivation. (a) Cultivation overview and LED instal-
lation. (b) Supplemental lighting images for each of the LED treatments: QD-IL, QD inter-lighting;
CW-IL, cool-white inter-lighting; B+R-IL, blue + red inter-lighting; CW-TL, cool-white top-lighting.
(c) View of cultivation sites by period during supplemental lighting application.

4.3. Measurements

The height, number of nodes, LAI, number of flowers, and number of fruits were
measured to determine the effect of the supplemental lighting on the paprika growth.
The leaf area (LA) of one fully developed leaf each from the top canopy and the mid-canopy
was estimated by referring to Lee’s research (2018). The LA of each leaf was calculated as
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the average of the leaf area of one leaf per paprika plant; then, the LAI was estimated using
the formula obtained by modifying Jang’s method (2018) [52,53]:

LAI = LA
(

m2
)
×

No.of leaves
(

plant−1
)

2
× Stem density

(
stems·m−2

)
(1)

Measurements were repeated 7 times at 14-day intervals after the supplemental light-
ing application until the pinching out of the growing tips for each block.

The SPAD value, spectral reflectance parameters, and maximum quantum yield of
PS II (Fv/Fm) of the paprika leaves were measured to determine the effect of the supple-
mental lighting on the paprika leaf characteristics for each canopy leaf. Regarding leaf
characteristics, the fully developed leaves below the growing tips were referred to as
top-canopy leaves, whereas the leaves illuminated by inter-lighting LEDs were referred to
as mid-canopy leaves. The SPAD values for each plant were measured three times, and
the average values were used; measurements were conducted on fully developed healthy
leaves using a chlorophyll meter (SPAD-502; Minolta Camera Co. Ltd., Tokyo, Japan).
The spectral reflectance parameters of the leaves were measured using fully developed
healthy leaves with a portable spectrophotometer (Polypen RP 410 UVIS; Photon System
Instruments, Drásov, Czech Republic). Among the measured values, the NDVI, which is
known to be sensitive to the chlorophyll content, was used [54]. The leaf measurements
of the SPAD values and spectral reflectance parameters were repeated 7 times at 14-day
intervals after supplemental lighting application until the pinching out of the growing tips
for each block. The maximum quantum yield of PS II according to chlorophyll fluorescence
was measured 20 min after dark adaptation using a PAM fluorometer (JUNIOR PAM;
Heinz Walz GmbH, Effeltrich, Germany). Fv/Fm was measured at the same time in the
morning on a sunny day, and 6 repetitions were performed for each block on the 28th,
42nd, and 56th days after the supplemental lighting treatment. At the end of cultivation,
the leaves of the top canopy and mid-canopy were harvested for the determination of the
SPAD values, and the total chlorophyll content was measured. For measurements, 1 g of
finely chopped fresh paprika leaves was dissolved in 10 mL of methanol and extracted at
4 ◦C for 48 h. Then, the absorbance was measured at 642.5 nm and 660 nm using a UV–vis
spectrophotometer (BioMate 3S UV-Vis; Thermo Fisher Scientific, Boston, MA, USA). The
measuring method referred to was that reported in Yoon’s research study (2018) [55,56].
The number of measurements for the total chlorophyll contents was 9, 3 measurements for
each block.

Paprika fruits more than 60% ripe were harvested at intervals of about 7 days. The
harvested fruits were transferred to the laboratory to check their weight and marketability.
For the yield per plant and the number of marketable fruits, all the fruits were harvested
and calculated separately by month for each block. Marketable fruits were classified as
those not affected by blossom rot, insect damage, sunburn, or malformation and those
weighing more than 100 g. In the case of November, due to concerns about chilling injury
from the drop in temperature in the greenhouse, all fruits, even unripe green peppers,
were harvested on November 9th to check the yield per plant, and marketability was also
investigated. During cultivation, instances of significant harm resulting from blossom
rot and insect damage during fruit development were recorded, and the affected fruits
were eliminated to confirm the number of fruit sets and the number of non-marketable
fruits. The number of fruit sets and the number of non-marketable fruits were calculated
separately by month for each block. The physical characteristics of the fruits such as the
yield per plant, length, width, number of locules, and pericarp thickness were investigated.
For the physical characteristics, 7 average-sized fruits from a single harvest were selected to
obtain an average value representative of that harvest. The average value of each individual
harvest was then used as a sample to represent the average value of the entire harvest
period. The harvest dates that were not sufficient to be considered representative of a single
harvest were excluded from the calculation. Total soluble solids, ascorbic acid content,
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firmness, and color may change depending on the harvesting period. Therefore, a total of 18
flowers in full bloom, 6 flowers for each block, were tagged three times on 28 July, 15 August,
and 30 August, respectively. Then, fruits that were more than 80% ripe were harvested at the
same time for comparison. After extracting juice from the fruit, the total soluble solids were
measured with a Brix–acidity meter (PAL-BX ACID 1; Atago Co. Ltd., Tokyo, Japan). The
number of measurements for the total soluble solids was 21, 7 measurements for each of
the 3 harvest seasons. The ascorbic acid content was determined based on the reduction of
yellow molybdophosphoric acid to phosphomolybdenum blue. A reflectometer (RQflex
plus; Merck, Darmstadt, Germany) and an ascorbic acid tester (Ascorbic Acid Test; Supelco,
Bellefonte, PA, USA) were used for the measurements. To obtain the samples for measure-
ment, we put 2 g of fresh fruit pulp in a tube, which we filled up to 20 mL with distilled
water, and homogenized it. After centrifugation at 15,000 rpm at 4 ◦C for 15 min (Mega 17R;
Hanil, Seoul, Republic of Korea), the supernatant was obtained and filtered with a 0.45 µm
syringe filter (Minisart® Syringe Filters; Sartorius, Göttingen, Germany). Referring to
Ribes-Moya’s study (2018), the content of ascorbic acid per 100 g of fruit was measured [57].
The number of measurements for ascorbic acid content was 9, 3 measurements for each of
the 3 harvest seasons. For fruit firmness, the paprika pericarp was sliced lengthwise into
flat pieces measuring about 30 × 50 mm. The load required to penetrate the pericarp with
an 8mm diameter stainless-steel probe was measured using a rheometer (Compac-100II;
Sun Scientific Co., Ltd., Tokyo, Japan), and the result was expressed in N (Newton). The
number of measurements for firmness was 21, 7 measurements for each of the 3 harvest
seasons. Regarding the color, the Hunter a value, which indicates redness, was measured
using a color reader (CR-20; Konica Minolta, Tokyo, Japan). The number of measurements
for the Hunter a value was 21, 7 measurements for each of the 3 harvest seasons.

Economic analysis. In the economic analysis, we assumed that supplemental lighting
was applied for an average of 6.7 h per day for 100 days (3.3 months). Using the yield
per plant obtained in this experiment, we assumed a stem density of 6.0 stems·m−2 of
the cultivation area for 1000 m2, and the yield of each supplemental lighting treatment
compared with the control without supplemental lighting was investigated. The analysis
method was carried out with the calculation reported in Hwang’s research study (2022) [58].

Total incremental cost = LED installation cost + Electricity cost (2)

Net income = Gross income− [Total incremental cost + Gross income of Control] (3)

Net income ratio =

[
Gross income of control + Net income

Gross income of control
× 100

]
− 100 (4)

The LED installation cost share in the total incremental cost was calculated using the
unit price at the time of purchase of the LEDs with SMPS, while the electricity cost was
determined using a rate of KRW 40 per kWh. The annual cost of paprika per kg used in
the calculation of gross income was provided by the Korea Agro-Fisheries & Food Trade
Corporation comprehensive agricultural distribution information system (www.nongnet.
or.kr). The currency was converted from KRW to USD based on the average exchange rate
during the cultivation period (KRW 1342.07 = USD 1).

4.4. Experimental Design and Statistical Analysis

The treatments were arranged in a randomized complete block design (RCBD) with
three replicates of each treatment to minimize the effect of other environmental factors, and
each treatment was applied to 7 plants. The treatments with supplemental inter-lighting
were named “QD-IL”, “CW-IL”, and “B+R-IL”, and the treatment with supplemental
top-lighting was named “CW-TL”. Additionally, a control treatment (“Cont”) without
supplemental lighting was included for comparison. Buffer plants were used between
two adjacent treatments to avoid light interactions. Statistical analysis was performed
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using analysis of variance (ANOVA) with DMRT (Duncan’s multiple range test) at the 5%
significance level. Descriptive data were tested in IBM SPSS statistics, version 26.0 (IBM
Corp., Chicago, IL, USA).

5. Conclusions

This study investigated the effect of supplemental LED inter-lighting on summer-
cultivated paprika in Korea. Significant differences were observed among the supplemental
lighting treatments in terms of the paprika growth variation, the number of fruits, and
the marketable yield, which were generally higher than those of the control plants, which
were not treated with supplemental lighting. According to the results of the economic
analysis, in the case of the net income rate, compared with the control, the cool-white
inter-lighting treatment, which resulted in the lowest number of non-marketable fruits,
resulted in the highest net income rate (12.70%), and the rest of the supplemental lighting
treatments resulted in net income rates of 3~4%. Thus, summer supplemental lighting is
effective. However, for more efficient supplemental lighting, it is expected that it would
be more efficient to perform long-term supplemental lighting in a greenhouse where the
eave height is high and cultivation is possible throughout the year. In addition, research
should continue on lower-cost and more effective light sources, such as cool-white LEDs
manufactured with QD materials. This would aim to lower installation and electricity costs
while increasing the marketable yield. For future work, it would also be interesting to
compare the effect of supplemental lighting treatments among various cultivars of paprika,
as each cultivar has different pigments.
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Abstract: Petunia hybrida Hort. “Easy Wave Pink”, a qualitative long-day plant (LDP), was inves-
tigated to study the effects of the night interruption light (NIL) provided by light-emitting diodes
(LEDs) quality shifting on the morphogenesis, blooming, and transcription of photoreceptor genes.
Plants were grown in a closed-type plant factory employing white (W) LEDs at an intensity of
180 µmol·m−2·s−1 PPFD provided for short day (SD, 10 h light, 14 h dark), long day (LD, 16 h light,
8 h dark), or SD with 4 h night interruption (NI) with LEDs at an intensity of 10 µmol·m−2·s−1

PPFD. The NIL quality was shifted from one light spectrum to another after the first 2 h of NI. Light
treatments consisting of all possible pairings of W, far-red (Fr), red (R), and blue (B) light were tested.
The SD and LD were referenced as the control, while 12 NI treatments involved altering LED NIL
qualities, as follows: from R to B (NI-RB), from B to R (NI-BR), from Fr to R (NI-FrR), from R to Fr
(NI-RFr), from Fr to B (NI-FrB), from B to Fr (NI-BFr), from B to W (NI-BW), from W to B (NI-WB),
from W to Fr (NI-WFr), from Fr to W (NI-FrW), from W to R (NI-WR), and from R to W (NI-RW). The
NI-RFr resulted in the longest shoots, while the NI-WR and NI-RW resulted in the shortest shoots.
NI-WR, NI-RW, NI-BW, NI-WB, NI-RFr, NI-RB, NI-BR, and LD all exhibited flowering. High-level
expressions of photoreceptor genes were confirmed in the NI-RFr, NI-FrR, NI-BFr, NI-RW, and NI-WR
treatments. Morphogenesis and blooming were both impacted by the photoperiod. The first NIL had
no effects on the flowering or the morphogenesis, but the second NIL had a profound impact on both.

Keywords: blooming; cryptochrome; photomorphogenesis; phytochrome; wavelength

1. Introduction

The light environment (photoperiod, light quality, light intensity, etc.) significantly
affects a plant’s photomorphogenic development, including flowering, seed germination,
and shoot architecture [1,2]. In photoperiodic plants, the phytochrome photoreceptors
regulate perception of the light quality, stem extension, and flowering [3]. Plants identify the
light quality via photoreceptors, which are categorized as phytochromes, cryptochromes,
phototropins, members of the Zeitlupe (ZTL/FKF1/LKP2) family, and the ultraviolet (UV)
light receptor(s) [4,5]. Phytochromes are photoreceptors that primarily absorb red (R) and
far-red (Fr) light, while cryptochromes absorb UV-A and blue (B) light, both of which
help plants bloom [6]. Phototropins play important roles in phototropism, changes in
chlorophyll light-avoidance and accumulation movements, inhibition of rapid elongation
of the hypocotyl growth, stomatal opening and closing, and leaf expansion [7].

Early flowering can be induced for commercial horticulture businesses by manipulat-
ing the photoperiodic conditions [8]. During short-day (SD) seasons, night interruption (NI)
is successful in delaying short-day plants (SDPs) from flowering in similarly as to naturally
long-day (LD) conditions do, and in hastening long-day plants (LDPs) to flower to allow
for earlier sale or seed production [9]. A NI with a very low (3–5 µmol m−2 s−1 PPFD)

122



Plants 2023, 12, 2049

light intensity promotes flowering induction and increases growth rates during the juvenile
stage in Cymbidium aloifolium [10]. In Arabidopsis thaliana, an LDP, it was discovered that
R light NI was the most effective at preventing flower blooming, and that this inhibition
was frequently reversible with Fr light [11]. In Petunia hybrida, an LDP, NI treatments with
green, Fr, and white (W) light encouraged flowering [12]. According to Shin et al. [13],
NI treatment with a combination of B and R light encouraged Cyclamen persicum flower-
ing in the winter. In Pelargonium × hortorum, a day-neutral plant (DNP), NI treatment
with B, green, R, Fr, and W light encouraged flowering but delayed it in NI treatment
with Fr light [14]. By keeping herbaceous SDPS in their vegetative growth stage, NI was
also employed to prevent or delay flowering in Dendranthema grandiflorum [15,16] and
Kalanchoe blossfeldiana [11]. K. blossfeldiana ’Lipstick’ (SDP) was not affected in flowering
by any of the night interruption lights (NILs), such as B, R, W, or combination of B and W,
while the ‘Spain’ variety flowered only in the 10 µmol m−2 s−1 PPFD NI-interruptional
B light [17]. D. grandiflorum (SDP) responded the most strongly to R light NI for inhibit-
ing flowering, but NI with Fr light or B light had less of an impact [18]. According to
Yang et al. [19], 30 µmol m−2 s−1 PPFD supplemental B light and NI-interruptional B light
were more effective in promoting growth, flowering, and the expression of florigen genes.
Plant responses to light quality are species-specific, according to research conducted under
various light environments [20].

However, NI using LEDs with varying light qualities was only tested on D. grandiflorum
(SDP) [21] and Pelargonium × hortorum (DNP) [22] and not on LDPs. Our previous study
on shifts in light quality of NI in SDP [21] and DNP [22] showed that morphogenesis
and flowering were affected by the second NIL, but the first NIL had no effects on either.
Flowering of SDP was observed in the NI-RB, NI-FrR, NI-BFr, NI-FrB, NI-WB, NI-FrW,
NI-WFr, NI-WR, and SD treatments, and was especially promoted in the NI-BFr and NI-FrB
treatments [21]. DNP was observed to flower in all NI treatments, and flowering was
promoted in NI-RFr and NI-FrR treatments [22]. We have reported the shifting of NIL in
SDP and DNP; our findings on LDP are also important. We hypothesized that the first
and second NIL would affect morphogenesis and flowering in LDP. Furthermore, new
practical applications of NIL quality shifting for the floricultural industry would be of
substantial interest. The effects on P. hybrida Hort. “Easy Wave Pink”, an LDP, of NIL
quality shifting on the blooming, morphogenesis, and transcription of the photoreceptor
genes was therefore investigated in this work.

2. Results
2.1. Morphogenesis

NI-Fr resulted in the longest shoots, while NI-WR and NI-RW resulted in the shortest
shoots (Figure 1). In comparison to that in LD, the leaf-length-to-leaf-width ratio dropped
in the NI-WB, NI-BW, and NI-RW treatments (Figure 2A). The ratio of leaf length to petiole
length grew in the NI-WB, NI-RB, NI-BW, and NI-WFr treatments as compared to the LD
treatment (Figure 2B). In contrast, Fr light-driven decrease in the leaf-length-to-petiole-
length ratio as seen in NI-FrW, NI-FrB, NI-BFr, NI-FrR, and NI-RFr, suggests succulent
growth. NI-BR resulted in the greatest number of leaves per plant, followed by NI-WB and
NI-RW (Figure 2C). The leaf area improved in all NI treatments and SD compared to that
in LD, probably due to inhibition of flowering in petunia and continued vegetative growth
in those deceptive photoperiods (Figure 2D).

The relative growth rate was the greatest in the NI-WB and the least in the SD treatments
(Figure 3). With the exception of NI-BFr, all NI treatments led to higher chlorophyll content.
The greatest chlorophyll content was found in NI-RB, NI-BR, NI-WB, and SD (Figure 4). The
shoot fresh weight was the greatest in NI-BR, the shoot dry weight was the greatest in Ni-WB,
and considerably higher biomass was obtained in all NI treatments (Table 1).
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Figure 1. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the shoot length of
petunia (Petunia hybrida Hort. ‘Easy Wave Pink’), taken 66 days after treatment: NI-BR, blue to red;
NI-RB, red to blue; NI-RFr, red to far-red; NI-FrR, far-red to red; NI-BFr, blue to far-red; NI-FrB,
far-red to blue; NI-WB, white to blue; NI-BW, blue to white; NI-FrW, far-red to white; NI-WFr,
white to far-red; NI-RW, red to white; and NI-WR, white to red. The LD indicates the 16 h long-day
treatment. Vertical bars indicate means ± S.E. (n = 3). Means accompanied by different letters are
significantly different (p < 0.05) according to the Duncan’s multiple range test at 5% significance level.
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Figure 2. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the leaf-length-to-leaf-
width ratio (A), leaf length to petiole length ratio (B), average number of leaves (C), and leaf area
(D) of petunia (Petunia hybrida Hort. ‘Easy Wave Pink’) taken 66 days after treatment. Please refer to
Figure 1 for detailed NIL qualities. Vertical bars indicate means ± S.E. (n = 3). Means accompanied
by different letters are significantly different (p < 0.05) according to the Duncan’s multiple range test
at 5% significance level.
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Figure 3. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the relative growth
rate of petunia (Petunia hybrida Hort. ‘Easy Wave Pink’) taken 66 days after treatment. Please refer to
Figure 1 for detailed NIL qualities. Vertical bars indicate means ± S.E. (n = 3). Means accompanied
by different letters are significantly different (p < 0.05) according to Duncan’s multiple range test at
5% significance level.
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Figure 4. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the chlorophyll content
of petunia (Petunia hybrida Hort. ‘Easy Wave Pink’) leaves, taken 66 days after treatment. Please refer
to Figure 1 for detailed NIL qualities. Vertical bars indicate means ± S.E. (n = 3). Means accompanied
by different letters are significantly different (p < 0.05) according to Duncan’s multiple range test at
5% significance level.
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Table 1. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the shoot and root fresh
and dry weights in petunia (Petunia hybrida Hort. ‘Easy Wave Pink’), taken 66 days after treatment.

Treatment z
Fresh Weight (g) Dry Weight (g)

Shoot Root Total Shoot Root Total

LD 64.8 bc y 3.77 de 68.6 b–d 5.04 cd 0.35 e 5.37 cd
NI-BR 75.2 a 3.47 e 78.7 a 5.97 b 0.32 e 6.29 b
NI-RB 68.0 ab 4.96 c 73.0 a–c 4.45 d–f 0.36 de 4.82 c–e
NI-RFr 57.5 cd 4.35 c–e 61.9 de 5.08 cd 0.45 c 5.54 bc
NI-FrR 61.2 bc 5.82 b 67.0 b–d 4.57 d–f 0.59 b 5.16 c–e
NI-BFr 58.4 cd 6.11 ab 64.6 c–e 4.16 ef 0.46 c 4.63 de
NI-FrB 57.7 cd 6.67 a 64.4 c–e 4.85 de 0.67 a 5.52 bc
NI-WB 68.9 ab 6.73 a 75.6 ab 6.75 a 0.48 c 7.24 a
NI-BW 57.4 cd 4.68 c 62.1 de 4.51 d–f 0.34 e 4.85 c–e
NI-FrW 63.2 bc 3.67 de 66.8 b–d 4.85 de 0.32 e 5.17 c–e
NI-WFr 52.0 d 4.06 c–e 56.1 e 4.26 d–f 0.44 cd 4.70 c–e
NI-RW 64.7 bc 4.33 c–e 69.0 b–d 5.82 bc 0.43 cd 6.25 b
NI-WR 64.4 bc 4.53 cd 69.0 b–d 5.90 b 0.44 cd 6.34 b

SD 51.5 d 4.88 c 56.4 e 3.88 f 0.49 c 4.37 e
F-test *** *** *** *** *** ***

z Please refer to Figure 1 for the detailed NIL qualities. y Mean separation within columns by Duncan’s multiple
range test at a 5% level. ***: Significant at p ≤ 0.001, respectively.

2.2. Flowering

The percentage of flowered buds observed was as follows: 100% in the NI-RW, NI-BR,
and LD treatments; 75% in the NI-RFr and NI-WB treatments; and 50% in the NI-WR,
NI-BW, and NI-RB treatments (Table 2 and Figure 5). The DVB increased in those NI
treatments in which the plant flowered as compared to the LD (Table 2). Flowering results
observed in this experiment are also a reflection of the R-to-Fr light ratio, and the effects of
quality shifting on flowering was more pronounced by the second NIL than the first NIL.

Table 2. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the flowering character-
istics of petunia (Petunia hybrida Hort. ‘Easy Wave Pink’), taken 66 days after treatment.

Treatment z Flowering (%) DVB y (Day) No. of Flowers/Plant

LD 100 31.0 49.6 a x

NI-BR 100 62.6 20.3 b
NI-RB 50 35.0 4.0 cd
NI-RFr 75 59.6 4.3 cd
NI-FrR - w - -
NI-BFr - - -
NI-FrB - - -
NI-WB 75 73.6 7.3 c
NI-BW 50 50.6 4.3 cd
NI-FrW - - -
NI-WFr - - -
NI-RW 100 71.3 6.3 cd
NI-WR 50 50.6 3.6 cd

SD - - -
F-test NS v

z Please refer to Figure 1 for the detailed NIL qualities. y Days after treatment initiation to visible flower bud or
days to visible buds. x Mean separation within columns by Duncan’s multiple range test at a 5% level. w No
flowering. v NS: Nonsignificant.

High-level expressions of photoreceptor genes were confirmed in the NI-RFr, NI-FrR,
NI-BFr, NI-RW, and NI-WR treatments (Figure 6). Compared to those in LD, phytochromes
(phyA and phyB) were extensively expressed at elevated levels in the NI-RFr and NI-FrR
treatments (Figure 6). FTL genes were studied under different light conditions during the
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NI along with the LD and SD, and compared to other conditions, the expression of FTL and
AFT were more substantial in the NI-RFr and NI-FrR treatments.
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Figure 6. The effects of the NIL quality shifting at 10 µmol·m−2·s−1 PPFD on the expression of
photoreceptor genes in petunia (Petunia hybrida Hort. ‘Easy Wave Pink’), taken 66 days after treatment.
Please refer to Figure 1 for the detailed NIL qualities. The phytochrome A (phyA), phytochrome B (phyB),
cryptochrome 1 (cry 1), Anti-florigenic FT/TFL1 family protein (AFT), and FLOWERING LOCUS T (FTL)
are all the indicated photoreceptor genes. Comparative gene expressions were conducted using a
constitutively expressed Actin gene as the control.

3. Discussion

Numerous elements of plant development, including flowering, stem elongation, and
seed germination are controlled by the plant hormone gibberellic acid [23] and light [24].
Increased shoot length observed in this study indicates the involvement of gibberellic acid
as affected by the Fr light used in the NI. This study’s results show that NI-RFr caused
the formation of the longest shoots, while NI-WR and NI-RW formed the shortest shoots,
indicating that Fr light encouraged shoot extension while R and W lights inhibited it.
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Following exposure to Fr-rich light, many plant species greatly speed their elongation
within minutes [23]. On the other hand, exposing plants to R-rich light again causes the
extension to slow down to the same degree. Phytochromes are involved in such R/Fr
light reversibility. Fr-rich light can accelerate flowering, reduce assimilate accumulation,
reduce seed set, decrease fruit development, and impair seed quality, while increasing the
elongation, which coincides with stronger apical dominance and reduced branching [25].
The increased shoot length observed in the NI-RFr treatment in this study might have been
related to the effects of Fr light given in the second or last NIL. Furthermore, suppressed
shoot length in both the NI-RW and NI-WR treatments might have been due to the relatively
greater leaf expansion observed in the treatments with NIL composed of R and W lights.

The leaf-length-to-leaf-width-ratio decreased further in the NI-RW, NI-WB, and NI-
BW treatments compared to that in the LD treatment, indicating relatively greater leaf
expansion induced by the W light. The leaf area increased in all NI treatments and SD
as compared to the LD treatment, probably due to inhibition of flowering in petunia and
continued vegetative growth in those unreceptive photoperiods.

The greatest chlorophyll content was observed in SD, NI-RB, NI-BR, and NI-WB,
which was probably enhanced by B light, especially given that, in the last NI period,
the B light quickly and reversibly regulates the stomatal aperture, which enables a great
stomatal aperture [26]. It is quite plausible that zeaxanthin [27], cryptochromes, and
phototropins [28] are also involved in the B light signaling in the guard cells. Increased
chlorophyll content in those treatments may have caused more active photosynthesis,
resulting in enhanced biomass prompted by the NI even at low light intensities.

In this study, the percentages of flowered buds observed were as follows: 100% in
the NI-WR, NI-BR, and LD treatments; 75% in the NI-RFr and NI-WB treatments; and
50% in the NI-RW, NI-BW, and NI-RB treatments. Our previous study [12] suggested that
percentage of flowering was greatest in LD (100%), followed by both NI-R (33.3%) and
NI-Fr (33.3%) and both NI g (16.6%) and NI-W (16.6%) during SD with 4 h NI treatment.
In our previous study, R, Fr, G, and W light induced flowering in petunia [12], but in this
study with shift in 2 h NIL each, B light also affected flowering induction. This suggests
that the second NIL quality has a greater effect on flowering induction than the first NIL
quality due to the complexity of shift in NIL quality.

The phytochrome photoequilibrium, which affects flowering of photoperiodic crops,
is influenced by the R-to-Fr light ratio (PFr/PR+Fr) [3]. Flowering and stem extension in
LDPs is promoted by a low PFr/PR+Fr [29]. Artificial lighting with Fr light, especially at
the conclusion of the photoperiod, drives many LDPs to flower the most quickly [30,31].
A. thaliana flowered later when exposed continuously to high PFr/PR+Fr light than when
grown with a low PFr/PR+Fr light [32]. Additionally, plants flowered much later when
grown with continuous R light than when grown with continuous B light [33]. Flowering
results of the petunia observed in this study are also the reflection of the PFr/PR+Fr, and
the effects of quality shifting on flowering was more pronounced by the second than the
first NIL. In the model plant A. thaliana, the roles of phyA and phyB have been thoroughly
explored [4]. It has been observed that plants under continuous Fr and R light with
the phyA and phyB mutants grow taller than the wild type [34], and shows how phyA
and phyB function to detect the appropriate wavelength of light to trigger the hypocotyl
inhibitory response. In this study, the phytochromes (phyA and phyB) in petunia were
extensively expressed at higher levels in the NI-RFr compared to in the LD. This implies
that phytochromes (phyA and phyB) were involved in the Fr and R light perception for
initiation of flowering in the petunia as also described previously in A. thaliana [35]. The
roles of cryptochromes in inducing flowering have been observed by utilizing mutations in
the cry1 and cry2 genes, on the other hand, because cryptochromes are known to stimulate
flowering. In this study, the effects of the NIL quality, along with the LD and SD, were
investigated, because it is well known that the LD and SD extensively affect flowering in
A. thaliana. In the NI-RFr, NI-WR, and NI-RW treatments, since a high level of cry1 gene
expression was induced, the plants flowered, but not in the NI-FrR treatment. Flowering
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plants induced the expression of the cry1 gene in NI-RFr, which explains that cryptochromes
were receptors of these light conditions. In the NI-FrR treatment, even though a high level
of phyA, cry1, and FTL gene expression was induced, the plants did not flower. In the
NI-BFr treatment, even though phyA and FTL were highly expressed, the plants did not
flower. Indeed, phenotypic studies also showed that the petunia had the receptors of the B,
W, Fr, and R light even under photoperiods other than LD by showing blooming of flowers.

In addition, the genes similar to FTL and TFL play an important part in integrating
endogenous and exogenous flowering-controlling signals [36]. The FTL and TFL encode
small globular-like proteins. In this study, FTL genes were studied under different light
conditions during the NI along with the LD and SD, and the expression of these genes (FTL
and AFT) were more pronounced in NI-RFr, NI-FrR, and NI-BFr than in other conditions.
This indicates that the FTL was also the receptor of the B, R, and Fr, in addition to the LD
and SD. Overall, this study presumed that the B, Fr, and R light was mainly received by
phytochromes, cryptochromes, and flowering terminal locus genes in the petunia.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Petunia (Pan Seed Co., West Chicago, IL, USA) seedlings were transplanted from
a glasshouse bench into 50-cell plug trays with a commercial medium (Tosilee Medium,
Shinan Grow Co., Jinju, Republic of Korea) 40 days after sowing. On the day of transplant-
ing, the seedlings and rooted cuttings were moved to a closed-type plant factory. After
settling in for 24 days in the plant factory, the plants with shoot lengths of around 6.0 cm
were exposed to the photoperiodic light treatments. For LDPs, the critical day length is
14 h, and for SDPs, it is 12 h. The plants were grown in a glass house and then moved to
the plant factory, first to adapt to 20 ± 1 ◦C, 60 ± 10% RH, and 140 ± 20 µmol·m−2·s−1

PPFD from fluorescent lamps (F48T12-CW-VHO, Philips Co., Ltd., Eindhoven, The Nether-
lands) and subsequently acclimatize to the photoperiodic treatments provided by LED
lighting systems at 25 cm atop the plant canopy. Throughout the experiment, the petu-
nia was fertigated once every day with a greenhouse multipurpose nutrient solution [in
mg·L−1 Ca(NO3)2·4H2O 737.0, KNO3 343.4, KH2PO4 163.2, K2SO4 43.5, MgSO4·H2O 246.0,
NH4NO3 80.0, Fe-EDTA 15.0, H3BO3 1.40, NaMoO4·2H2O 0.12, MnSO4·4H2O 2.10, and
ZnSO4·7H2O 0.44].

4.2. Photoperiodic Light Treatments

The petunia was cultivated using white LEDs at an intensity of 180 µmol·m−2·s−1

PPFD for long day (16 h light, 8 h dark), short day (10 h light, 14 h dark), or SD with a 4 h
(23:00–3:00) night interruption with LEDs at an intensity of 10 µmol·m−2·s−1 PPFD. The
NIL quality was shifted from one to another after the first 2 h of NI until the end of the
experiments for 66 days. The employed NIL qualities in this study were W (400–700 nm), R
(660 nm), Fr (730 nm), and B (450 nm) (Figure 7). The SD and LD were referenced as the
control in this study, and 12 NI treatments combined with different NIL combinations were
studied, formulated as follows: B to R (NI-BR), R to B (NI-RB), R to Fr (NI-RFr), Fr to R (NI-
FrR), B to Fr (NI-BFr), Fr to B (NI-FrB), W to B (NI-WB), B to W (NI-BW), Fr to W (NI-FrW),
W to Fr (NI-WFr), R to W (NI-RW), and W to R (NI-WR) (Figure 8). A spectroradiometer
(USB 2000 Fiber Optic Spectrometer, Ocean Optics Inc., Dunedin, FL, USA) scanned the
spectral distribution of lights in all treatments 25 cm above the bench top in 1 nm intervals.
In each light treatment, the average of the maximum absolute irradiance, and the spectral
distribution were measured at three different locations within the plant-growing bench.
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4.3. Data Collection and Analysis

The leaf length, shoot length, petiole length, leaf width, average number of leaves,
chlorophyll content, fresh and dry shoot and root weights, relative growth rate, percent
flowering, days from the start of the photoperiodic treatments to the first visible flower bud
or days to visible buds (DVB), average number of flowers, and expression of photoreceptor
genes were all assessed after 66 days. The leaf expansion index was calculated as the
proportion of the leaf length to leaf width, and the overgrowth (stretchiness) index was
calculated as the proportion of the leaf length to the petiole length. The mean net increase
in the dry biomass divided by the plant dry biomass over a period of time was taken as
the relative growth rate. Before (W1) and after (W2) the treatments were applied, the total
plant dry weight was measured, and the relative growth rate between finishing (t2) and
starting (t1) days of the experiments was calculated as follows:

Relative growth rate = (lnW2 − lnW1)/(t2 − t1)
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In total, 10 mg of fresh, young completely formed leaves were extracted using 80%
ice-cold acetone to estimate the chlorophyll content. The absorbance of the supernatant
was assessed with a spectrophotometer (Biochrom Libra S22, Biochrom Co., Ltd., Hol-
liston, MA, USA) at 663 and 645 nm after centrifugation at 3000 rpm. Dere et al. [37]
was referenced for calculations. After drying for three days at 75 ◦C in an oven (Model
FO-450M, Jeio Technology Co., Ltd., Seoul, Republic of Korea), the shoot and root dry
weights were measured.

However, treatment effects was also analyzed separately for the first (first NI) and sec-
ond (second NI) 2 h periods of the 10 h short-day (SD) treatments based on the assumption
that the group of the same light-quality treatments during the same period being the same
treatment, e.g., in the first period the blue (B) treatment consisted of B to R (NI-BR), B to Fr
(NI-BFr), and B to W (NI-BW).

This experiment used a randomized complete block design, with 3 replications, and
2 plants for each replication. To reduce the effects of the position, the treatment sites in a
controlled setting were arbitrarily mixed between replications. The SAS (Statistical Analysis
System, V. 9.1, Cary, NC, USA) program was used to determine the statistical significance
of the acquired data. Duncan’s multiple range test and an analysis of variance (ANOVA)
were applied to the results of this experiment. Graphing was completed using Sigma Plot
10.0 (Systat Software, Inc., San Jose, CA, USA).

4.4. Isolation of the Total RNA Isolation and Semi-Quantitative RT-PCR (Reverse Transcriptase-
Polymerase Chain Reaction) Analysis of a Subset of Genes

Following the manufacturer’s protocols (Promega, Madison, WI, USA), the total RNA
was isolated from the shoot tip of the plants that had been exposed to 33 days of NI
treatments. Using a reverse transcriptase kit from Promega, Madison, WI, USA, 1 µg of
DNase-treated RNA was reverse-transcribed to create first-strand cDNA, which was then
utilized as the template for the PCR (polymerase chain reaction). The phytochrome A (phyA),
phytochrome B (phyB), cryptochrome 1 (cry1), Anti-florigenic FT/TFL1 family protein (AFT),
and FLOWERING LOCUS T (FTL) genes of the sequence from Arabidopsis thaliana were
used as primers in separate PCRs with an equal amount of cDNA (Table 3). In petunia,
similar to Arabidopsis, flowering is delayed under R light and induced under B light;
however, its mechanism still remains unknown. Therefore, A. thaliana primers with similar
gene sequences [38,39] were used. Actin was employed as the control because, due to its
high conservation as an endogenous housekeeping gene, it is frequently used to normalize
molecular expression investigations. The following PCR conditions were used: 5 min initial
denaturation for at 95 ◦C, 35 20 s cycles at 95 ◦C, 30 s at 57 ◦C, 30 s at 72 ◦C, and a final
extension step of 10 min at 72 ◦C. After 35 cycles, the PCR results were tested on a 1%
agarose gel to determine whether the transcripts were expressed differently.

Table 3. Primers used to quantify gene expression levels.

Gene Accession No. Forward Primer Reverse Primer

phyA EU915082 5′-GACAGTGTCAGGCTTCAACAAG-3′ 5′-ACCACCAGTGTGTGTTATCCTG-3′

phyB NM_127435 5′-GTGCTAGGGAGATTACGCTTTC-3′ 5′-CCAGCTTCTGAGACTGAACAGA-3′

cry1 NM_116961 5′-CGTAAGGGATCACCGAGTAAAG-3′ 5′-CTTTTAGGTGGGAGTTGTGGAG-3′

AFT AB839766 5′-AGAACACCTCCATTGGATCG-3′ 5′-CTGGAACTAGGTGGCCTCAC-3′

FTL AB839767 5′-ACAACGGACTCCTCATTTGG-3′ 5′-CGCGAAACTACGAGTGTTGA-3′

Actin AB205087 5′-CGTTTGGATCTTGCTGGTCG-3′ 5′-CAGGACATCTGAAACGCTCA-3′

5. Conclusions

NI-RFr resulted in the longest shoots, whereas NI-WR and NI-RW resulted in the
shortest shoots, which indicates that FR light encouraged shoot extension. LD, NI-BR,
NI-RB, NI-WR NI-WB, NI-RFr, NI-RW, and NI-BW caused plants to flower. Photoperiod
affected both morphogenesis and flowering. While the first NIL had no effects on flowering
or morphogenesis, the second NIL had a profound impact on both.
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Abstract: Recently, LEDs with various light qualities have been used in closed plant factories, and
they are known to have different effects on the growth and quality of crops. Therefore, this study was
conducted to investigate the change in growth and quality in mini red romaine lettuce using LEDs
with various light qualities. Wide red spectrum (WRS)-LEDs, blue (B)-LEDs, blue + red (BR)-LEDs,
red (R)-LEDs, and white (W)-LEDs were used as the artificial light sources. Regarding growth, the
R-LED treatment showed the most positive effect, but the leaf shape was not normal and the Hunter
b* value was not suitable because it was higher than that of the other treatments. The Hunter a*,
SPAD, and NDVI values of the B- and BR-LED treatments were effective, but this was not the case
for those of the R- and W-LED treatments. The anthocyanin reflectance index 1 (ARI1) was 20 times
higher in the B-LED treatment than in the R-LED treatment, and the ascorbic acid content was the
highest in the WRS-LED treatment. In the sensory evaluation, bitterness and sweetness showed
opposite tendencies. Regarding the overall preference, the BR-LED treatment received the highest
score. Correlation analysis showed that the bitterness was closely correlated with the anthocyanin
content and leaf color. Taken together, BR-LEDs provided a good top fresh weight, dark red leaves,
and high anthocyanin and ascorbic acid contents, with the highest overall preference; therefore,
BR-LEDs were the most suitable for the cultivation of mini red romaine lettuce.

Keywords: led; light quality; mini red romaine lettuce; anthocyanin; bitterness

1. Introduction

According to the Food and Agriculture Organization, more than one million hectares
of lettuce are cultivated worldwide, with a production of more than 22 million tons in
2022 [1]. Lettuce, which is mainly consumed as a fresh-cut salad, can provide phenolic
compounds, flavonoids, carotenoids, and vitamin C, and is consumed worldwide, as it can
be produced year-round [2]. In particular, red romaine lettuce, which has a red leaf color,
can play a beneficial role in health by accumulating a large amount of anthocyanin, which
is well known for its antioxidant action, in its tissues [3]. One of the major characteristics of
lettuce is its bitter taste, and lactucopicrin, which is among the major bitter sesquiterpene
lactones (BSLs), was reported to be the main cause [4]. In addition, BSLs can act as an
important factor in consumer purchasing, and if the content is too high, preference can be
significantly reduced [5,6].
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Currently, LEDs (light-emitting diodes) are the main light source among artificial light
sources used in plant factories [7]. LEDs have various advantages over existing artificial
light sources, such as a long lifetime, higher electrical conversion efficiency, and lower
heat generation and price [8,9]. However, the most important factor in crop cultivation is
that they can produce numerous types of light quality (spectrum) by combining different
wavelengths, providing the optimal light quality according to the crop type and growth
stage [10,11]. It is reported that these different combinations of LEDs can have various
effects on the growth and quality of crops [7,8].

In plants, the main photosynthetic pigments, namely, chlorophyll a and b, absorb most
of the blue and red light in the range of 400–700 nm, which is known as photosynthetically
active radiation (PAR). Additionally, they can respond through photoreceptors, such as
cryptochrome, which detects blue light, and phytochrome, which detects red light [11].
Previous studies also reported that the combination of blue and red light is the most
effective for the growth and development of many leafy vegetables, including lettuce [12].
Based on the above reasons, blue (B)-, red (R)-, blue + red (BR)-, white (W)-, and wide red
spectrum (WRS)-LEDs were used as artificial light sources in this study.

Blue light emitted from B-LEDs (400–500 nm) is known to act as an important wave-
length for the formation of biomass, anthocyanin, chloroplasts and chlorophyll, and pho-
tomorphogenesis in lettuce and various crops [13,14], but they have the disadvantages
of producing a small leaf size and a slow growth rate when used alone at a high light
intensity [15,16]. Conversely, R-LEDs (600–700 nm) act as the most effective wavelength for
the growth rate and photosynthesis of lettuce in plant factories, but it reduces the phenol
content and chlorophyll relative to B-LED [11,17].

Artificial light sources widely used as mixed light include BR-LEDs and W-LEDs.
BR-LEDs (400–500 + 600–700 nm) were reported to improve the accumulation of phenolic
compounds and growth through a synergistic effect when irradiated with a mixture of B-
and R-LEDs compared with when B- and R-LEDs were used alone [18,19]. In addition,
Kang et al. [15] reported that BR(2:8)-LEDs provided the greatest increase in the photo-
synthetic rate of lettuce compared with B- and R-LEDs alone. Unlike BR-LEDs, W-LEDs
(400–700 nm) contain a large amount of green light in their spectrum. In a previous study,
it was reported that the biomass and growth rate of lettuce increased when green light was
added to a BR-LED [20,21]. However, it has also been found that the photosynthetic rate is
greatly reduced without affecting the growth of lettuce [15].

WRS-LEDs are artificial light sources that use quantum dots, whose optical and electri-
cal properties change when a semiconductor is reduced to nanometer (nm) size. They have
a wider light distribution angle than conventional LEDs, and thus, their uniformity is high,
and they have the advantage of being able to produce the Emerson synergy effect, which
increases the photosynthesis rate compared with when other wavelengths are irradiated
independently [22]. In this experiment, the wavelengths of WRS-LEDs included 26.5%
blue (B) light (400–500 nm), 12.2% green (G) light (500–600 nm), 50.8% wide-red (R) light
(600–700 nm), and 10.5% far-red (FR) light (700–800 nm). FR light has been mentioned as a
necessity for plants to perform efficient photosynthesis and photochemistry [23], and it is
sensed by phytochrome, together with red light, and is known to show higher leaf transmit-
tance than red light [11]. In addition, it causes a shade avoidance reaction in plant growth,
increases the size of leaves, and elongates stems, which can cause significant changes in
plant morphology [24]. According to a previously reported study, when lettuce was treated
by adding FR light to blue and red light, the biomass increased by 39% and 25%, respec-
tively, and the appearance of the plant was changed to improve the light use efficiency [25].
In addition, Hwang et al. [26] reported that as a result of cultivating tomatoes, peppers,
cucumbers, and watermelons by supplementing far-red rays with cool-white LEDs, the
hypocotyl length and dry weight of seedlings increased as the light intensity of far-red rays
increased. Furthermore, Tan et al. [27] reported far-red-induced changes in plant height, leaf
structure and shape, stomatal response, chloroplast development, biomass, photosynthetic
pigment and fluorescence, electron transport, carbon assimilation, etc., in various crops.
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As explained in the papers referenced above, the growth and quality of plants can
vary depending on the light quality, and among LEDs of various light qualities, BR-LED,
which is a mixed light, was found to be effective in cultivation [8,15,18]. In particular,
WRS-LED is expected to be more effective than existing artificial light sources by making
up for the shortcomings of existing LEDs, utilizing a wide light distribution angle, a wide
red spectrum, and far-red rays. Therefore, this study was conducted to identify the growth
and quality changes in mini red romaine lettuce (cv. Breen) using LEDs with various light
qualities in a closed plant factory-type chamber.

2. Results

During the entire cultivation period, lettuce grown under R-LEDs produced the longest
leaf length compared with the other treatments, followed by the WRS-LEDs. The difference
in leaf length of lettuce cultivated under R-LEDs and WRS-LEDs up to the 28th day showed
statistical significance, with a difference of about 2 cm, but there was no difference from the
35th day (Figure 1A). The number of leaves showed a consistent trend until the 49th day,
except for the 14th day of cultivation. At the end of cultivation, lettuce grown under R-LEDs
produced the most number of leaves, with 51.7 leaves, showing a significant difference
from the other treatments, followed by the BR-, WRS-, W-, and B-LED treatments in order.
On the 49th day, lettuce grown under R-LEDs produced 35% more leaves than lettuce
grown in B-LEDs, which produced the fewest leaves (Figure 1B).
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Figure 1. Change in the length of leaves (A) and the number of leaves (B) of mini red romaine lettuce
cultivated under LEDs with various light qualities for 49 days. Vertical bars represent ± SD (n = 6–8).
z Mean separation within columns by Duncan’s multiple range test at 5% level. Values marked with
different letters indicate significant differences according to Duncan’s multiple range test at the 5% level.
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At the end of cultivation, the top fresh weight was significantly the biggest in lettuce
grown in the R-LED treatment among all treatments, producing the highest leaf length and
the number of leaves. The top fresh weight of lettuce grown under the R-LED treatment
on the 49th day was 25.7% bigger than that of the BR-LED treatment, which was the
second biggest, and 43.5% bigger than that of the B-LED treatment, which was the lowest.
In the R-LED treatment, which produced the biggest top fresh weight, the number of
leaves and top fresh weight on day 49 showed the same trend. However, there was no
statistical significance between the BR- and WRS-LEDs, or between the W- and B-LEDs
(Table 1). The top dry matter ratio was the highest in lettuce cultivated under the BR-
LED treatment, which produced the second-biggest top fresh weight, but there was no
statistically significant difference from the rest of the treatments, except for the R-LED
treatment. Lettuce grown in the R-LED treatment, which produced the biggest top fresh
weight, showed the lowest top dry matter ratio, and conversely, the B-LED treatment,
which produced the smallest top fresh weight, showed the second-highest top dry matter
ratio (Table 1).

Table 1. Top fresh weight and top dry matter ratio of mini red romaine lettuce cultivated under LEDs
with various light qualities on the final day.

Treatments Top Fresh Weight (g) Top Dry Matter Ratio (%)

WRS-LED 72.41 ± 2.97 bz 5.21 ± 0.33 a
BR-LED 74.47 ± 3.10 b 5.48 ± 0.39 a
W-LED 57.61 ± 4.18 c 5.03 ± 0.33 ab
B-LED 56.65 ± 5.77 c 5.35 ± 0.20 a
R-LED 100.18 ± 9.92 a 4.68 ± 0.22 b

z Means with different letters within column indicate statistically significant differences by Duncan’s multiple
range test at the 5% level.

As for chromaticity, Hunter L* (closer to 100, whiter; closer to 0, blacker) was the
highest in the R-LED treatment, and lettuce grown under BR- and B-LEDs showed a lower
value, resulting in a darker leaf color. Regarding Hunter a* (+ is redder and − is greener),
lettuce grown in the B-LED treatment produced the deepest red color, and there was no
significant difference from the BR-LED treatment, which had the second-highest value.
Hunter a* values showed negative results with green leaves only in the R-LED treatment
with the best growth, and all lettuce grown in other treatments produced red leaves, which
can be visually confirmed in Figure 2. Regarding Hunter b* (+ is yellower and − is bluer),
the B- and BR-LED treatments, which produced the deepest red color in lettuce leaves, had
the lowest values without statistical significance. In contrast, lettuce grown in the R-LED
treatment, which produced green leaves, showed a significantly higher value compared
with the other treatments (Table 2).

Table 2. Leaf color of mini red romaine lettuce cultivated under LEDs with various light qualities on
the final day.

Treatments Hunter L* Hunter a* Hunter b*

WRS-LED 35.53 ± 2.06 cz 2.20 ± 1.32 b 9.68 ± 2.72 b
BR-LED 32.48 ± 0.80 d 4.37 ± 0.34 a 3.03 ± 1.23 c
W-LED 38.25 ± 1.37 b 1.12 ± 1.02 c 9.50 ± 2.47 b
B-LED 32.27 ± 0.48 d 4.92 ± 0.30 a 3.20 ± 0.58 c
R-LED 47.83 ± 1.40 a −4.43 ± 0.54 d 26.93 ± 2.93 a

z Means with different letters within column indicate statistically significant differences by Duncan’s multiple
range test at the 5% level.
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Figure 2. Mini red romaine lettuce cultivated for 49 days under LEDs with various light qualities.

The soil plant analysis development (SPAD), which can represent the chlorophyll
content, was the highest in lettuce grown with the BR-LED treatment and was significantly
higher than that of the R-LED treatment, which had the lowest chlorophyll content, by
more than 24%. In addition, in lettuce cultivated in the BR-, B-, WRS-, W-, and R-LED
treatments, the chlorophyll content showed the same trend as the top dry matter ratio, but
the difference between the treatments was more pronounced in the chlorophyll content
(Table 3). The normalized difference vegetation index (NDVI) is a value that is proportional
to the chlorophyll change and plant health status. Similar to SPAD, it was the highest for
lettuce grown under the B-LED and BR-LED treatments without significance, and the R-LED
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treatment showed the lowest value. In the Polypen manual for measuring the NDVI, the
value ranges are stated as 0.5–0.9 for healthy leaves and 0.2–0.4 for unhealthy leaves. Only
the lettuce cultivated under WRS-, BR-, and B-LED treatments had values corresponding
to the range for healthy leaves, with values of 0.519, 0.530, and 0.550, showing statistical
significance compared with the W- and R-LED treatments, which had values corresponding
to the range for unhealthy leaves (Table 3). The anthocyanin reflectance index 1 (ARI1)
reflects changes in the anthocyanin content. In this study, the trend of ARI1 was the same
as that of Hunter a*. Lettuce grown under the B-LED treatment produced the highest
anthocyanin content, which was more than 3 times higher than that of the BR-LED, WRS-
LED, and W-LED treatment groups, and 20 times higher than that of the R-LED treatment
group, which produced the lowest content. Summarizing the results of ARI1, it was shown
that blue light increased the red color expression of red romaine lettuce, while red light
and green light decreased it. In addition, in the case of Hunter a*, there was no significant
difference between lettuce cultivated under the B- and BR-LED treatments, indicating
that blue light was responded to more sensitively than red light to produce the red color
expression of red romaine lettuce. However, ARI1 showed more than twice the difference
between the B- and BR-LED treatments (Table 3). It seems that the degree of difference in
the results between the treatment groups was due to the difference in the measurement
method of Hunter a* and ARI1. The ascorbic acid content was the highest in lettuce grown
under the WRS-LED treatment at 4.40 mg/100 g FW, which was 38% significantly higher
than that under the R-LED treatment, which had the lowest value. The reason why the
lettuce grown under the WRS-LED treatment was able to produce the highest ascorbic acid
content is thought to be due to the FR light. However, it did not seem to have a significant
effect, as there was no significant difference between the BR- and B-LED treatments. The
red light treatment demonstrated a low ascorbic acid synthesis ability when used alone in
lettuce, but when irradiated with blue light, the content was higher than that of blue light
alone due to the positive synergy (Table 3). Under the W-LED treatment, which produced
the lowest content among the mixed lights, the green light in the spectrum seemed to
interfere with the ability of the blue light to synthesize ascorbic acid.

Table 3. SPAD, NDVI, ARI1, and ascorbic acid of mini red romaine lettuce cultivated under LEDs
with various light qualities on the final day.

Treatments SPAD NDVI ARI1 Ascorbic Acid
(mg/100 g FW)

WRS-LED 31.0 ± 0.52 cz 0.519 ± 0.02 b 0.754 ± 0.18 b 4.40 ± 0.23 a
BR-LED 38.8 ± 0.68 a 0.530 ± 0.01 ab 0.809 ± 0.29 b 4.15 ± 0.73 a
W-LED 29.5 ± 0.93 d 0.471 ± 0.03 c 0.473 ± 0.03 b 3.39 ± 0.17 b
B-LED 34.9 ± 0.47 b 0.550 ± 0.02 a 1.951 ± 0.52 a 4.03 ± 0.14 a
R-LED 29.3 ± 2.16 d 0.441 ± 0.03 d 0.125 ± 0.03 c 2.73 ± 0.38 c

z Means with different letters within column indicate statistically significant differences by Duncan’s multiple
range test at the 5% level.

The sweetness was the highest for lettuce grown under the R-LED treatment and the
lowest for the B-LED treatment. Contrary to sweetness, bitterness was the highest for
lettuce cultivated under B-LEDs and showed a stronger bitter taste than lettuce cultivated
under R-LEDs, which was the lowest, by 53%. In addition, there was a clear difference
between the treatment groups in bitterness rather than sweetness. The results of sweetness
and bitterness were related to the Hunter a* and ARI1 results: sweetness was low and
bitterness was high when the leaf color was deep red, and the opposite tendency was
shown when the leaf color was green. However, it is known that a strong bitter taste
can reduce consumers’ purchase preferences [5,6]; in this study, the overall preference for
B-LED-treated lettuce, which had a red leaf color and the strongest bitter taste, was the
second lowest among all treatments groups (Figure 3). Sourness was the highest for lettuce
grown under BR-LEDs, but due to the nature of these crops, the sourness was investigated
as low, i.e., less than 1–2 points, in all treatment groups; therefore, it did not seem to be
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affected by the light quality. Among the sensory evaluation items, the difference in leaf
color was the greatest between the treatment groups, and the change due to the light quality
was large. As for leaf color, which tended to show the same trend as Hunter a* and ARI1,
the B-LED and BR-LED treatments, which produced dark red leaves, scored high, followed
by the WRS-LED, W-LED, and R-LED treatments. The highest flavor score was obtained by
lettuce cultivated under the BR-LED treatment, while the lowest was found for the W-LED
treatment. However, since there were no similar or identical trends among the survey
items investigated in this study, additional research on the flavor of lettuce according to the
light quality is necessary. Texture obtained the highest preference score for lettuce grown
under R-LEDs. The reason for this is not indicated in Figure 3, but the judges said that
the leaf tissue was soft, and thus, gave it a higher score than the other treatments. Finally,
for the overall preference, lettuce grown under the BR-LED treatment received the highest
score, followed by the W-LED, WRS-LED, B-LED, and R-LED treatments, but there was no
statistical significance (Figure 3).
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Figure 3. Sensory evaluation of mini red romaine lettuce cultivated under LEDs with various light
qualities on the final day. ns, **, and *** indicate non-significant and significant differences at p < 0.01,
and 0.001, respectively. Sweetness, bitterness, sourness, and flavor: 5 = very strong, 4 = strong,
3 = normal, 2 = faint, and 1 = very faint. Leaf color: 5 = very deep, 4 = deep, 3 = normal, 2 = light,
and 1 = very light. Texture and overall preference: 5 = very good, 4 = good, 3 = normal, 2 = bad, and
1 = very bad.

The growth and quality characteristics of mini red romaine lettuce were analyzed via
correlation analysis, as shown in Figure 4. First, the top fresh weight was found to have a
significant positive correlation with the number of leaves, with 0.899, indicating that the
increase was due to the number of leaves rather than the length of the leaves. Hunter a*
showed a high negative correlation with Hunter b* at the p < 0.01 level, and it increased
statistically significantly with bitterness in the sensory evaluation. In addition, Hunter
a*, the top dry matter ratio, the ascorbic acid content, and the bitterness had important
effects on the NDVI, which can be used as an indicator of plant health. ARI1, which is
proportional to the anthocyanin content, showed a negative correlation with sweetness and
a positive correlation with bitterness, while sweetness and bitterness showed a negative
correlation with each other at the 95% level. As a result, in this study, the plants with a
dark red color, high top dry matter ratio, high ascorbic acid content, and strong bitter taste
were healthy, whereas dark yellow leaves were unhealthy. Comparing the above results
with the various LEDs used in this study, it can be said that lettuce grown under BR- and
B-LEDs was healthy, but lettuce grown under R-LEDs was not. WRS-LEDs also produced
most of the conditions for healthy lettuce, but could not produce all of them due to a low
expression of leaf color. In addition, the sweetness and bitterness of the lettuce showed
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opposite tendencies, where the higher the anthocyanin content, the stronger the bitterness
and the lower the sweetness (Figure 4).
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3. Discussion

It is known that LEDs, which can be easily controlled according to the requirements of
plants and can have various light qualities, can affect plant growth, biomass, and functional
compounds in various ways [7,8].

Shimizu et al. [28] suggested that red light may be the most effective wavelength for
photosynthesis and growth rates when growing lettuce in a plant factory. In addition,
in a previous study, the number of leaves and the photosynthetic rate also showed the
highest values under red light, followed by a BR-LED treatment [29]. This is the same
trend as that found in the results of this study, which provides a basis for the results of the
longest leaf length and the largest number of leaves found in lettuce grown under red light
alone (Figure 1A,B).

The 49th-day top fresh weight also showed the highest result under the R-LED treat-
ment (Table 1). In a previous study, lettuce grown under red light also showed the biggest
top fresh weight, which was attributed to the high photosynthetic rate [28]. However,
Chen et al. [30] reported that lettuce grown under red light grew rapidly, but when the
ratio of red light was over 70%, the petiole distortion was evident, and with 100% red light,
the original lettuce shape was lost. Similarly, in this study, it was difficult to see that the
lettuce cultivated under R-LEDs was commercially viable, as it showed heterogeneity in the
leaves and overall shape compared with lettuce grown under other light qualities (Figure 2).
Therefore, it seems that lettuce cultivation under BR-LEDs, which produced the second
biggest top fresh weight after R-LEDs, as well as a normal leaf shape, is more suitable. It
has been reported that among LEDs of various light qualities used in this study, FR light,
which is included only in WRS-LEDs, can significantly change photomorphogenesis by
causing shade avoidance symptoms during plant growth [24]. With these characteristics, it
has been stated that adding far infrared rays to the existing light source can reduce seedling
size variation within the same cultivation bed [31]. For lettuce grown in the WRS-LED
treatment, the standard deviation of the top fresh weights by wider light distribution angle,
wide red spectrum, and FR rays was the smallest at 2.94, confirming that cultivation among
individuals within the same treatment group proceeded uniformly (Table 1). However,
as there was no difference from lettuce cultivated under the BR-LED treatment in terms
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of the top fresh weight, the wider light distribution angle, wide red spectrum, and FR
rays seem to have produced a greater uniform cultivation and shade avoidance effect than
growth enhancement. Lettuce grown under the B-LED and W-LED treatments showed
poor growth compared with the other treatments (Table 1). This coincides with the results
of Kang et al. [15], who found that blue light slowed down the growth rate of lettuce and
that the green light comprising 30% of the W-LED did not have a positive effect on the
growth rate. Previous papers reported that green light reduces the photosynthetic rate
by reducing the chlorophyll content and stomatal conductance [32,33], but does not affect
plant growth [15]. However, this does not mean that it does not affect lettuce growth at all,
and it is thought that green light does not cause a direct growth reduction mechanism in
lettuce, but indirectly affects the photosynthetic rate and stomatal conductance, leading to
a growth reduction.

The degree of redness (Hunter a*) expressed in red romaine lettuce leaves is known
to have a strong positive correlation with the actual anthocyanin content, with an R2

value of 0.80 [34]. Blue light, for which the Hunter a* value was the highest in this study
(Table 2), is particularly used as an essential wavelength for anthocyanin synthesis in red
lettuce [13]. However, it has been reported that R-, G-, and FR-LEDs do not synthesize
anthocyanin in lettuce or suppress the effect of blue light to prevent the red expression
of the leaves [13,35,36], and the same result was confirmed in this study (Table 2). In a
previous study, R-LEDs with a high ratio of red light and R:FR did not detect that a leaf was
under other leaves, and thus, the expression of SAG (senescence-associated gene) family
genes (e.g., x SAG13) related to leaf senescence was suppressed [37]. However, in this
study, the uniquely high Hunter b* value in lettuce grown under the R-LED treatment
were significantly negatively correlated with the NDVI (Figure 4). This means that the
higher the Hunter b* result, the poorer the health of the plant, and the increase in yellow
color in lettuce, which usually has green or red leaves, mainly means yellowing of the
leaves. Therefore, in this study, it seems that the yellowing of the leaves progressed
relatively quickly in lettuce cultivated under the R-LED treatment compared with the
other treatments.

BR-LEDs are effective in promoting plant growth and biomass accumulation [8,15].
However, in this study, due to the characteristics of lettuce, there was no difference between
the treatment groups, except for the R-LED group (Table 1), because the body water content
was more than 95%. It was reported that FR light absorbs more water than BR light and
increases the amount of water in the cell, which increases the expandability of each cell,
thereby increasing the ratio of top fresh weight to top dry weight [38]. In addition, in
previous studies, it was found that red light increased the top fresh weight but decreased
the top dry weight [29] and that the top dry weight of red lettuce grown under R-LEDs was
lower than that of lettuce grown under B-LEDs and BR-LEDs [35].

Blue light promoted 5-aminolevulinic acid (ALA), a precursor of chlorophyll tetrapyr-
role, and suppressed the decrease in ALA caused by red light, resulting in the recovery
of the chlorophyll concentration [39,40]. Zheng et al. [41] reported that lettuce grown
in BR-LED, a mixed light, had a higher chlorophyll content than B- and R-LEDs alone
due to a synergistic effect. Additionally, when irradiation was performed by adding
FR light (50 µmol·m−2·s−1) to a BR-LED (200 µmol·m−2·s−1) for 16 h during the day
and 1 h at the end of the day, the chlorophyll content of lettuce decreased [25]. Green
light also downregulates transcription factors for chloroplast formation, reducing the
chlorophyll content [42].

The NDVI is an indicator that can be used to check the health status, stress level,
and chlorophyll concentration of plants by comparing the amount of red light, which is
a part of visible light, with the amount of deflected NIR light. Alsina et al. [43] found the
highest levels of chlorophyll a + b when ‘Lollo Bionda’ lettuce was grown under blue light,
followed by BR light, with the lowest levels under R light. In addition, during lemon balm
cultivation, W-LEDs containing some green light had a negative effect on the NDVI [44].
Both NDVI and SPAD are used as indicators of chlorophyll content, and in this study, the
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two trends were similar, but the difference in the degree of significant difference between
treatments was considered to be due to the different measured infrared wavelength bands
(Table 3). SPAD’s infrared wavelength band is measured at 940 nm, while that of the NDVI
is measured in the 770–900 nm range.

The expression of genes that induce anthocyanin synthesis is induced by blue light
and is known to be mediated by cryptochrome (Cry1) [45]. Cryptochrome, which absorbs
and reacts with blue light treatment, has a total of two maximum absorptions at the 375 nm
chromophore 5,10-methenyltetrahydrofolic acid (MTHF) and the 450 nm flavin adenine
dinucleotide (FAD) chromophore flavin [46]. These flavin chromophores are reduced to
half-forms under blue light, and cryptochromes become inactive under green and yellow
light [42]. Light that can interfere with anthocyanin expression includes green light, red
light, and far-red light. First, green light has an opposite tendency to blue light. In a
previous study, when green and blue lights were used at the same time compared with
when blue light was used alone, it was reported that in lettuce the oxidized flavin content
was greatly reduced and the anthocyanin level was low [36]. In addition, it was reported
that the completely reduced form of flavin showed the same movement as the flavin
light balance in vivo caused by green light, and finally, the overall oxidized and reduced
form of Cry1 was reduced [36]. In the case of red light, this can be explained by its effect
on gene expression in the anthocyanin biosynthesis process. In previous studies, the
gnl|UG|Lsa#S56341499 gene among lucoanthocyanidin oxidase (LDOX) coding genes
and gnl|UG|Lsa#S58677322 gene among dihydroflavonol 4-reductase (DFR) coding genes
were most frequently expressed under blue light during anthocyanin biosynthesis; however,
they were not well expressed in lettuce grown under red light [37]. Finally, it was reported
that in lettuce the anthocyanin concentration was reduced by up to 40% when FR light was
also irradiated with white fluorescent light [13].

The assimilation of ascorbic acid in plants is significantly affected by light and temper-
ature, and it is known that the light environment in particular has an important effect on
the ascorbic acid metabolic pathway [47,48]. Chen et al. [49] reported that the ascorbic acid
content in lettuce was higher when grown under B-LEDs and BR-LEDs compared with
lettuce cultivated under R-LEDs. Adding green light to BR-LEDs resulted in a 44% reduced
ascorbic acid content of lettuce compared with the use of BR-LEDs alone [50]. In addition,
it was reported that W-LEDs supplemented with FR light increased the accumulation of
ascorbic acid in green lettuce by 45% compared with W-LEDs alone, but they reduced the
pigments and biomass [51]. However, as a result of adding red light to W-LEDs, there was
no difference in the ascorbic acid content of lettuce compared with W-LEDs alone [51].

Even in recent studies, it is difficult to find content that sensory evaluation results for
lettuce play an important role in deriving the final result, and most of them are comparisons
of sensory evaluation parameters according to treatment groups [52–54]. In this study, there
were some clearly distinguished results, such as bitterness and leaf color, but most did
not show significant differences according to light quality. Therefore, this author believes
that consumers’ sensory evaluation may not play a large role in determining the optimal
light quality, but can be used as a reference. However, consumers’ sensory evaluation of
lettuce can explain the difference for each parameter via comparison according to light
quality. Meng et al. [54] reported that B20G60R100 had significantly higher sweetness than
B100G60R20 as a result of the sensory evaluation of ‘Rouxai’ red oakleaf lettuce. Green
light supplemented with oak lettuce was reported to be related to the activity or synthesis
of enzymes related to sugar metabolism [51]. In this study, W-LEDs containing green
light produced a higher sugar content than lettuce grown under BR-LEDs (Figure 3),
but Nur Syafini et al. [55] reported that soluble solid contents (◦Brix) were significantly
reduced when green light was added to BR-LEDs. These conflicting results may be due
to differences in the respective ratios of red, blue, and green light within the light source,
or because the sweetness perceived by humans and the measured soluble solid contents
(◦Brix) are not proportional. It is known that the bitterness of lettuce is mainly affected by
the content of the compounds lactucin, 8-deoxylactucin, and lactucopicrin, which are types
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of bitter sesquiterpene lactones (BSLs) [4]. In a previous study, the bitterness of lettuce
showed the lowest result with the use of R-LEDs alone, and when B20R160 and B100R80
were compared, bitterness was found to increase in B100R80, indicating that blue light
increases bitterness [54]. This suggests the possibility that biosynthetic enzymes may be
affected by the light quality during the biosynthesis of BSLs. However, there are currently
very few studies that clearly report the degree of bitterness and the BSL content of lettuce
according to various light qualities. In the case of previous studies on lettuce sourness, a
comparison experiment was conducted as part of the sourness sensory evaluation according
to the lettuce varieties [56], and an analysis was carried out on the content of acetic acid
and lactic acid representing the sour taste in the packaging during the storage of fresh
lettuce [57]. However, when compared with other important parameters, sourness, among
the taste components in lettuce, was not considered very important, and there was no
clear difference; therefore, it was difficult to find accurate information on comparative
sourness studies of single varieties of lettuce according to various light qualities. In
this study, flavor averaged around 2.5 points, with no significant difference between the
treatment groups. Flavor and overall preference also showed no significant differences
according to the light quality of the artificial light source [54]. In this study, the texture of
lettuce grown under R-LEDs received the best evaluation (Figure 3), and Meng et al. [54]
also reported that the highest score was obtained for lettuce grown under R-LEDs alone,
followed by BR-LEDs and W-LEDs. In the literature, among the lettuce sensory evaluations
according to the use of various LEDs, most of the results of food taste surveys were
analyzed for correlations between parameters or the statistical significance of the results
until recently, and the biochemical content was rarely mentioned. In addition, content
sensory evaluations of lettuce grown under FR-LEDs are rare, and thus, further research
should be conducted.

In this study, there was no significant correlation between Hunter a* and ARI1 values,
with 0.785 (Figure 4), but this value was similar to the value found in a previous study
showing a significant positive correlation, with 0.80 [34]. In addition, ARI1 showed a high
positive correlation of 99% with bitterness (Figure 4), which can be attributed to the role of
anthocyanins in the bitter taste as the leaf color becomes red. These results suggest that the
changes in the anthocyanin content were directly related to bitterness. In a previous study,
it was reported that malvidin-3-glucoside, which is an anthocyanin, activates the TAS2R7
receptor among the bitter taste receptors (TAS2R) in humans, resulting in a bitter taste [58].
In addition, it was shown that the light quality that increases the BSL content and the light
quality that increases the anthocyanin content may be in the same wavelength range, and
thus, additional research is needed. So far, studies on the bitter taste of lettuce have been
limited to studies on the difference in the BSL content according to leaf color and cultivar [4],
and there are no studies related to light factors, such as the light intensity, photoperiod,
and light quality. Therefore, although this study did not investigate the BSL content, it was
the first time the degree of bitterness of single cultivar red romaine lettuce according to
various light qualities and the relationship between bitterness and anthocyanin content
were mentioned. In a previous paper, the total BSL content of red lettuce was significantly
higher than that of the green variety, but there was no consistent trend between the total
BSL content and sugar content (◦Brix) according to the leaf color [4].

4. Materials and Methods
4.1. Plant Material and Growing Conditions

Mini red romaine lettuce (cv. Breen, Johnny’s Selected Seeds) was used as the ma-
terial for testing. The temperature and humidity of the closed plant factory-type lettuce
cultivation room were controlled at 20 ± 3 ◦C and 70 ± 5%RH, and the internal CO2
concentration was 577 ± 67 ppm without any additional control. Lettuce was planted on
a floating platform (50 × 350 × 490 mm) with 40 holes (5 × 8) of 33 mm diameter at a
planting interval of 30 mm in a growing tray (130 × 400 × 540 mm). It was cultivated
for a total of 49 days (7 weeks) at 7-day intervals using a deep-water culture method in
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which oxygen was supplied to the water using an aeration pump (SH-A2, Amazonpet,
Daejeon, Republic of Korea). The experiment was conducted once, and the above hydro-
ponic cultivation system was installed on a 3-tier shelf for growing. On day 0, 40 individuals
were planted under the LEDs for each light quality, and survey items were investigated us-
ing 6 individuals on the 14th, 21st, and 28th days; 7 individuals on the 35th and 42nd days;
and 8 individuals on the 49th day. As the investigation progressed, empty holes formed by
the used lettuce were blocked with a sponge to prevent light from entering the nutrient
solution, and the planting distance was increased by using the empty hole to move the seat
as the lettuce grew.

4.2. Nutrition

The nutrition regime included Yamazaki lettuce nutrient solution and was divided
into nutrition formulations A and B. Nutrition formulation A was composed of 472 mg·L−1

Ca(NO3)2·4H2O, 404 mg·L−1 KNO3, and 48 mg·L−1 EDTA-NaFe(III). Nutrition formu-
lation B was composed of 404 mg L−1 KNO3, 115 mg L−1 NH4H2PO4, 246 mg L−1

MgSO4·7H2O, 6 mg L−1 H3BO3, 4 mg L−1 MnSO4·5H2O, 0.4 mg L−1 ZnSO4·7H2O,
0.1 mg·L−1 CuSO4·5H2O, and 0.04 mg·L−1 NO2MoO4·2H2O. Nutrition formulations A
and B prepared with the above compositions were used after being diluted 200 times. The
pH was set to 6.0 ± 0.5, and the EC was supplied at 0.3 dS·cm−1 from the emergence of
true leaves and 1.5 dS·cm−1 at the end of cultivation.

4.3. Light Treatments

The light-emitting diodes (LEDs) (40 W) were bar-type (20 × 30 × 1200 mm) wide
red spectrum (WRS)-LEDs (400–800 nm) (Cheorwon Plasma Research Institute, Gangwon-
do, Republic of Korea), blue + red (BR)-LEDs (400–500 nm + 600–700 nm) (HT402-1;
BISSOL LED, Seoul, Republic of Korea), white (W)-LEDs (400–700 nm) (HT400-5700; BIS-
SOL LED, Seoul, Republic of Korea), blue (B)-LEDs (400–500 nm) (HT400-Blue; BISSOL
LED, Seoul, Republic of Korea), and red (R)-LEDs (600–700 nm) (HT400-Red; BISSOL LED,
Seoul, Republic of Korea) (Figures 5 and 6). Each artificial light source was installed on a
shelf on the 3rd floor, with 3 per floor, where the LED installation interval was 15 cm and
the distance between the LEDs and the floating platform was 25 cm. As the growth pro-
gressed, the light intensity was adjusted with a light intensity controller (LED dimmer 20A;
ZERO, Daejeon, Republic of Korea) and set to 200 ± 50 µmol·m−2·s−1 using a Quantum
radiometric probe (LP471PAR, Delta OHM, Veneto, Italy) in the dark condition, and the
light and dark cycle was set to 16/8 h.
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4.4. Change in Growth

The length of leaves and the number of leaves were measured every 7 days from
the 14th day after planting using 6–8 plants, and the leaf length was measured using an
electronic vernier caliper, while the leaf number was counted directly. As for the change
in growth at the end of cultivation, the top fresh weight and top dry matter ratio were
investigated using 8 plants. The top fresh weight was measured using an electronic scale
(PB602-S, Mettler Toledo, Switzerland), and the top dry matter ratio was calculated using
the formula shown below after drying at 80 °C for 72 h:

Top dry matter ratio = (Dry weight/Fresh weight) × 100

4.5. Change in Quality

The leaf color (Hunter L*, a*, b*), soil plant analysis development (SPAD), normalized
vegetation index (NDVI), anthocyanin reflectance index 1 (ARI1), and ascorbic acid content
were investigated using 8 plants at the end of cultivation. The leaf color (Hunter L*, a*, b*)
was measured with a Chroma Meter (CR-400, Konica Minolta Sensing, Inc., Japan), and
the chlorophyll content was measured using a chlorophyll meter (SPAD-502 plus, Konica
Minolta, Japan). The NDVI and ARI1 were measured with a polypen RP410 (Photon System
Instruments Ltd., Drásov, Czech Republic), and the results were calculated according to the
following equation:

NDVI = (NIR − Red)/(NIR + Red)

ARI1 = (R550)−1 − (R700)−1

The ascorbic acid content was determined according to the method of Arvani-
toyannis et al. [59]. An amount of 18 mL of distilled water was added to 2 g of the
sample, homogenized for 90 s with a homogenizer (HZ1, LABTron Co., Ltd., Bucheon,
Republic of Korea), and then centrifuged with a centrifugal separator (Mega 17R, Hanil
Science Industrial Co., Incheon, Republic of Korea). Using the supernatant obtained af-
ter centrifugation, the ascorbic acid content was measured with an RQ flex reflectometer
(Merck RQ flex 2, Darmstadt, Germany).

4.6. Sensory Evaluation

Sensory evaluation according to the light quality of the artificial light sources was
performed according to the quantitative descriptive analysis (QDA) method, as outlined
in the procedures included in the standard Sensory Profiling ISO 13299:2016 [60] used
in Matysiak et al. [52]. For the sensory evaluation, on the date of cultivation completion,
15 judges who had experience in the sensory evaluation of vegetables were surveyed on the
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sugar content, bitterness, sourness, flavor, leaf color, texture, and overall preference. The
sensory evaluation score was set in units of 1 point, ranging from 1 to 5 points. Sweetness,
bitterness, sourness, and flavor were given a score closer to 5 points if the specific taste
and aroma were stronger. As for the leaf color, as the object of study was red romaine
lettuce, the deeper the red color, the more points were given. Texture and overall preference
were evaluated according to the subjective tendencies of the judges, where the higher the
satisfaction, the more points were given.

4.7. Statistical Analysis

For statistical analysis, data statistical characteristics (correlation analysis, principal
component analysis) were confirmed using the Microsoft Excel 2016 program and IBM
SPSS Statistics version 26 program. The data were evaluated via ANOVA (analysis of
variance), and the comparison of differences between the averages of the investigation
items of the treatment groups was analyzed at the p < 0.05 level using Duncan’s multiple
range test. The standard deviation (SD) of each mean is indicated.

5. Conclusions

Summarizing the above results, the R-LED treatment was the best in terms of growth
(leaf length, number of leaves, top fresh weight) according to the LEDs with various light
qualities, but it was unsuitable since although it was red lettuce, the leaf color was not red,
and the chlorophyll content, NDVI, and ascorbic acid content were the lowest. Conversely,
the B-LED treatment produced good quality lettuce but with very low growth; therefore, it
was not suitable for lettuce cultivation. WRS-LED was expected to show the best growth
and quality change compared with other LEDs used in this study due to its wide light
distribution angle, wide red spectrum, and FR light. However, compared with BR-LED,
which received a positive evaluation in terms of growth and quality among existing LEDs
with various light qualities, there was no noticeable advantage other than equal cultivation
within the same treatment group. In this study, the BR-LED treatment produced a great top
fresh weight, which is considered important in lettuce cultivation, along with the R-LED
treatment. In addition, the value of Hunter a*, which is a measure of leaf redness, and ARI1,
which reflects the anthocyanin content, were the highest after the B-LED treatment. The
top dry weight ratio, SPAD, and overall preference showed the highest results among all
the treatment groups, and ascorbic acid, which acts as an antioxidant, also had the second-
highest content. Therefore, the BR-LED treatment was the most suitable for growing mini
red romaine lettuce (cv. Breen) in a closed chamber.
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