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Abstract: Light quality can be stated to be the identity of an artificial light source, and although
the response of light quality may vary depending on the crop, the effect is clearly visible and can
produce various results depending on the combination of an artificial light source. This study
investigated the spectral reflectance, photosynthetic performance, and chlorophyll fluorescence of
mini green romaine lettuce based on light quality. Most parameters related to spectral reflectance
showed the best results under blue light, and photosynthetic performance was more effective with
mixed light than with single-colored light, among which blue + red (BR)-LED was the most suitable.
Red light was ineffective, showing mostly low results in parameters of spectral reflectance and
photosynthetic performance. In the case of chlorophyll fluorescence, the light quality influenced
photomorphogenesis, resulting in increased leaf length and width with R- and quantum dot (QD)-
LED, which expanded the leaf area and allowed for more external light to be captured (ABS/RC and
TRo/RC). However, the ratio of electronized energy (ETo/RC) was low, and the amount of energy
dissipated as heat (DIo/RC) was high. Consequently, the degree of electron acceptor reduction and
overall photosynthetic performance (PIABS and PItotal) were lower compared to other light qualities.
Additionally, the contrasting results of QD-LED and BR-LED were attributed to the form of red light
and the presence or absence of far-red light when comparing spectra. Principal component analysis
also clearly distinguished light qualities for photosynthesis and growth. Growth was increased by
red (R)- and QD-LED, while photosynthetic performance was increased by BR- and blue (B)-LED.

Keywords: light quality; OJIP; photomorphogenesis; PIABS; photosynthetic rate

1. Introduction

Light is very important for plant growth and is a key element that forms the basis of
photosynthesis; it also acts as a regulator of physiological processes, but it can sometimes
cause damage to plants [1]. This light can affect plants differently depending on changes in
intensity, cycle, spectrum, and illuminance [2–4].

Among these factors, light quality can elicit different responses in plants depending
on the spectral range. Additionally, compared to other light-related parameters, various
combinations of spectra can produce more diverse outcomes and can significantly impact
photosynthesis, which is crucial for plants’ growth and development processes [5]. Blue
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light was found to reduce plant size but increase chloroplast abundance, while red light
increased shoot biomass, hypocotyl and cotyledon elongation, and leaf area. However, it
was also noted that a deficiency of specific wavelengths, such as under monochromatic
blue or red light, can severely impair plant development in terms of morphology and
physiology [6,7]. Furthermore, previous studies have shown that when comparing white
light enhanced with red light to white light enhanced with blue light, lettuce exhibited
opposite trends in chlorophyll content measured based on productivity, electron flow, dark
respiration, and reflectance index [1]. Recently, not only combinations of light quality but
also artificial light sources with enhanced technological capabilities have been developed
for crop cultivation. One such development is the QD-LED, which utilizes quantum dot
(QD) technology. This technology involves reducing semiconductors to nanometer sizes,
and altering their optical and electrical properties [8]. These QD-LEDs exhibit the Emerson
enhancement effect, whereby they can achieve higher photosynthetic efficiency compared
to the sum of the individual photosynthetic rates obtained when red light and far-red light
are investigated independently. Furthermore, compared to traditional LEDs, QD-LEDs
have the advantage of a wider light distribution angle, which enhances the uniformity of
light across the cultivation area per unit area [9]. According to previous studies, when QD-
LEDs were applied to illuminating cherry tomato plants, they accelerated the progression
of fruit ripening. Additionally, the fruits showed larger sizes, greater numbers, and higher
weights compared to those under white LEDs and untreated control groups. Moreover,
QD-LEDs minimized deformities and incidence rates in cherry tomatoes; they were also
noted to consume relatively less power and were cost-effective compared to white LEDs,
resulting in significantly higher energy efficiency [10].

These various combinations of light quality are typically achieved through LED (light-
emitting diode) technology. LEDs, which have been continuously researched and developed
among existing artificial light sources, are particularly known to be suitable for indoor
agriculture. Accordingly, there have also been attempts to mimic natural light tailored to
higher plants optimized for natural light conditions [4,11]. Furthermore, the indoor vertical
farming industry, where artificial lighting systems such as LEDs are key components, is
expected to exceed a total market size of USD 17 billion by 2027 [12]. Consequently, many
lighting companies are applying various commercial products in the horticulture sector [13].
Research continues to be conducted to identify optimal light conditions, including specific
light qualities that can achieve higher photosynthetic efficiency for different crops [4,14].

In order to find out changes in plants through various light qualities as above, it is often
completed through destructive investigation (chemical monitoring method), which gener-
ally requires several steps and a lot of time. However, spectral reflectance (380–1300 nm)
offers a non-destructive method whereby suitable spectra of light for the plant species and
parameters of interest can be quickly assessed. This method allows for the rapid evaluation
of plant health indicators such as pigments, nitrogen content, and moisture levels, without
the need for multiple stages, making it advantageous [15,16]. Recently, the chlorophyll
content in the leaves of maize inoculated with specific fungi has been estimated using
spectral reflectance. This was achieved through correlation analysis with primary spectral
derivatives and the development and validation of a hyperspectral estimation model [16].
Furthermore, variations in the growth, respiration, photosynthetic responses, and spectral
reflectance indices of lettuce have been observed depending on the ratio of blue-to-red
intensity. Lettuce grown under different intensity ratios of red and blue light within the
light source showed different spectral reflectance indices, with significant variations in
these indices observed particularly according to the number of days of cultivation [1]. Ad-
ditionally, it was suggested that the changes in the reflectance indices of lettuce according
to the intensity ratios of red and blue light are also associated with differences found in
photosynthetic parameters [1].

Photosynthesis in plants utilizes light as a signal to activate and regulate numerous
key processes associated with plant growth, carbon fixation, and energy sources [17]. To
maintain and maximize photosynthetic efficiency in plants, light control through arti-
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ficial lighting (intensity, quality, photoperiod, etc.), has become essential, and research
on the relationship between light and photosynthesis continues from the past to recent
times [18,19].

When soybean seedlings were grown under BR-LED (B:R = 80:20) lighting, it was
reported that the light-saturated CO2 assimilation rate (Asat) and the light-saturated stom-
atal conductance (gssat) were 64.85% and 203.23% higher, respectively, compared to grown
under 100% red light alone, and it was suggested that appropriately combining red and
blue light spectra in BR-LED lighting is more conducive to enhancing photosynthetic
performance in soybeans than using red or blue light alone [20]. Far-red light, which has
been extensively studied primarily for its effects on morphological changes in crops, has
been reported to reduce non-photochemical quenching (NPQ) and the dissipation of heat
from absorbed light energy, and to increase the proportion of light energy utilized for
photosynthesis, thereby enhancing photosynthetic efficiency. Furthermore, high propor-
tions of far-red light contribute to enhancing overall photosynthetic efficiency in plants by
influencing their light capture capacity, photophosphorylation activity, and photosynthetic
electron transfer rate [21].

Plants must dissipate excess light that exceeds their photosynthetic capacity, in order
to avoid damage to the photosynthetic machinery due to overexcitation [22]. Chlorophyll
fluorescence can be utilized as a non-destructive and efficient indicator that represents
photosynthetic performance and plant activity, measured through parameters reflecting
the utilization of light energy in photosynthesis and the dissipation of excess energy as
heat or fluorescence [23,24]. Chlorophyll fluorescence can be divided into several stages,
with the widely used chlorophyll fluorescence induction kinetics (O-J-I-P) consisting of
four phases. These are associated with the redox states of the PSII and PSI photosynthetic
systems [25,26]. In O-J-I-P, the “O” stage (origin) refers to the point of fluorescence induction
when chlorophyll returns to its original state after a dark period of approximately 15 min
to 1 h, and the “J” stage (jump) denotes the first minimal fluorescence variation following
the “O” stage. Next, the intermediate fluorescence level is referred to as the “I” stage
(intermediate), and finally, the fluorescence induction amount at the maximum fluorescence
level is called the “P” stage (peak) [27].

Additionally, the O-J-I-P phases can indicate the efficiency of electron transfer through
the chains between systems [25,26]. Gao et al. [28] reported that, during spinach cultivation,
adding blue LEDs to white LEDs significantly increased the electron transport rate (ETR)
compared to other treatments and promoted the opening of PSII reaction centers. On the
other hand, adding red, green, and yellow LEDs actually inhibited the opening of PSII
reaction centers, thereby reducing the electron transfer rate. According to the fluorescence
of lettuce chlorophyll under different light intensities, it was observed that the development
of the photosynthetic system occurred more rapidly at higher light intensities compared
to lower light intensities, in terms of the maximum quantum efficiency of PSII and non-
photochemical quenching improvements [29]. Additionally, ongoing research is focusing
on chlorophyll fluorescence, which varies based on factors like environmental conditions,
stress, and nutrient solutions for various crops [30–32].

To date, extensive research has been conducted on the growth changes in crops accord-
ing to various light qualities. Furthermore, research is being conducted on the responses
of crops to various internal and external treatments through spectroscopic reflectance,
photosynthetic performance, and chlorophyll fluorescence. However, research on different
light qualities using these parameters and studies that compare them comprehensively
are currently lacking, especially regarding the QD-LEDs used in this study. Therefore,
in this study, we conducted an investigation into the spectral reflectance, photosynthetic
performance, and chlorophyll fluorescence changes in mini green romaine lettuce under
different light spectra.
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2. Materials and Methods
2.1. Plant Material and Cultivation Environment

We selected mini green romaine lettuce (Lactuca sativa cv. Minicup, ASIA SEED
KOREA), which is suitable for indoor cultivation, where cultivation space may be limited.
On day 0, 30 plants were initially planted for each light quality; the number of plants was
gradually reduced, and the planting interval was adjusted, until 16 plants remained. The
indoor temperature and humidity for lettuce cultivation were maintained at 22 ± 7 ◦C and
35 ± 8%, respectively, while the CO2 concentration was kept at an average of 550 ± 70 ppm.
Additionally, the plants were cultivated for a total of 30 days using a deep-water culture
method within a three-tiered shelf structure (Figure 1).
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Figure 1. Closed hydroponics set for growing mini green romaine lettuce (cv. Minicup) and changes
in indoor temperature and humidity, as well as the EC and pH of the nutrient solution during the
cultivation period (30 days).

2.2. Nutrient Solution

Mini green romaine lettuce was cultivated using a dedicated nutrient solution for
Yamazaki lettuce. The nutrient solution was prepared in two parts, A and B, at a con-
centration of 200x. When used, parts A and B were diluted at a 1:1 ratio. The for-
mulated nutrient solution A contained 236 mg·L−1 Ca(NO3)2·4H2O, 202 mg·L−1 KNO3,
and 24 mg·L−1 EDTA-NaFe(III), while nutrient solution B was composed of 202 mg L−1

KNO3, 57.5 mg L−1 NH4H2PO4, 123 mg L−1 MgSO4·7H2O, 3 mg L−1 H3BO3, 2 mg L−1

MnSO4·5H2O, 0.2 mg L−1 ZnSO4·7H2O, 0.05 mg·L−1 CuSO4·5H2O, and 0.02 mg·L−1

Na2MoO4·2H2O. The EC of the nutrient solution was set at 0.3 dS·cm−1 at the begin-
ning of cultivation and 1.5 dS·cm−1 at the end date, while the pH was maintained at
6.5 ± 0.5 (Figure 1).

2.3. Light Qualities and Conditions within the Cultivation Environment

The artificial lighting consisted entirely of bar-type (20 × 30 × 1200) light-emitting
diodes (LEDs). The various mixed-light conditions included quantum dot (QD)-LEDs
(400–800 nm) (Cheorwon Plasma Research Institute, Cheorwon-gun, Republic of Korea),
blue + red (BR)-LEDs (400–500 nm + 600–700 nm) (HT402-1; BISSOL LED, Seoul, Republic
of Korea), and white (W)-LEDs (400–700 nm) (HT400-5700; BISSOL LED, Seoul, Republic
of Korea). The single-color lights consisted of 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). The detailed spectral ranges of the artificial light
sources used are given in Figure 2.
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fixtures used in the experiment.

Four LEDs were installed per layer of each shelf, and only the QD-LEDs had a wide
light distribution angle, so three were installed. The installation interval of LEDs per floor
was set as shown in Figure 3, and the distance between the LEDs and floating platforms
was maintained at 320 mm (QD-, BR-, W-, and B-LED) and 240 mm (R-LED). Light intensity
was measured with a quantum radiometric probe (LP471PAR, Delta OHM, Veneto, Italy);
the average light intensity of each light quality was 150 ± 9.4 µmol·m−1·s−2, and the
light intensity by location was expressed as a heatmap (Figure 3). The light intensity was
controlled according to lettuce growth using a light intensity controller (LED dimmer 20A;
ZERO, Daejeon, Republic of Korea), and the light/dark cycle was set to 16/8 h.
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2.4. Spectral Reflectance Measurement

Indices related to vegetation, leaf pigmentation, and stress were measured using
a portable spectrophotometer (PolyPen RP 410 UVIS and PolyPen RP 410 NIR; Photon
System Instruments, Drásov, Czech Republic) for the spectral reflectance at the end of



Horticulturae 2024, 10, 860 6 of 26

cultivation. The vegetation indices investigated were the normalized difference vegetation
index (NDVI), optimized soil-adjusted vegetation index (OSAVI), and modified chlorophyll
absorption in reflectance index (MCARI), while those related to leaf pigmentation and
stress were the carotenoid reflectance index 1 (CRI1), carotenoid reflectance index 2 (CRI2),
structure insensitive pigment index (SIPI), and photochemical reflectance index (PRI). Each
spectral reflectance index was calculated and exponentiated using the equations shown in
Table 1.

Table 1. List of spectral reflectance indices calculated by portable spectrophotometer (PolyPen RP
410/UVIS and PolyPen RP410/NIR) and equations according to the PolyPen user’s manual.

Spectral Reflectance Index Equation

Normalized Difference Vegetation Index NDVI = RNIR − RRED/RNIR + RRED
Optimized Soil-Adjusted Vegetation Index OSAVI = 1.5 × (RNIR − RRED)/(RNIR + RRED + 0.16)
Modified Chlorophyll Absorption Ratio Index MCARI = [(R700 − R670) − 0.2(R700 − R500)] × (R700/R670)
Structure-Insensitive Pigment Index SIPI = R800 − R445/R800 + R680
Carotenoid Reflectance Index 1 CRI1 = (1/R510) − (1/R550)
Carotenoid Reflectance Index 2 CRI2 = (1/R510) − (1/R700)
Photochemical Reflectance Index PRI = R531 − R570/R531 + R570

2.5. Photosynthesis Performance Measurement

Photosynthetic performance was measured using a portable photosynthesis sys-
tem (LCpro T; ACD BioScientific Ltd, UK) to measure the sub-stomatal CO2 concentra-
tion (Ci, vpm), transpiration rate (E, mmol·m−2·s−1), stomatal conductance of CO2 (gs,
mol·m−2·s−1), and photosynthetic rate (A, µmol·m−2·s−1). Measurements were conducted
in a dark room in the lettuce cultivation room, and the light required for irradiation was
applied to the leaves at a constant level using a leaf chamber fluorometer (ACD BioScientific
Ltd, UK), with an irradiation area of 6.25 cm2. The temperature within the leaf chamber
fluorometer was set to 20 ◦C, and the light quality was set to white light (400–700 nm)
mixed with blue (33%), green (34%), and red (33%), and the total light intensity was set to
200 µmol·m−1·s−2. The CO2 and H2O concentrations in the leaf chamber fluorometer were
not artificially set and were the same as the environment in which the lettuce was grown.
During the measurements, lettuce leaves were placed into the leaf chamber fluorometer
after confirming that the difference in CO2 concentration (∆C) inside and outside the leaf
chamber fluorometer was 0.0 ± 2. Afterward, to stabilize the change in CO2 concentration
(∆C) inside and outside the lettuce leaves, after waiting for 5 min, measurements were
taken at 1-min intervals per sample for a total of 8–10 min.

2.6. Chlorophyll Fluorescence Measurement

Chlorophyll fluorescence was measured after dark treatment for 20 min with a dark-
adapted clip using a portable fluorometer (Fluorpen FP 100; Photon Systems Instruments;
Drásov, Czech Republic) in eight specimens per light quality. The investigated parameters
included maximum quantum yield (Fv/Fm) according to mineral quality, change pattern
by OJIP stage, absorption of light energy per RC (ABS/RC), tapping of excitation energy
per RC (TRo/RC), conversion of excitation energy to electron transport per RC (ETo/RC),
heat dissipation at time zero per RC (DIo/RC), performance index on the absorption basis
(PIABS), total fluorescence basis (PItotal), and non-photochemical fluorescence quenching
(NPQ). The definitions and calculated formulae for the chlorophyll fluorescence parameters
are shown in Table 2, and the measurement results related to OJIP were JIP tested according
to the method of Stirbet and Govindjee [33].
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Table 2. Equations and definitions of chlorophyll fluorescence parameters.

(Data Necessary for the Calculation of the So-Called JIP Parameters)

Parameter Equation Definition

Fo F50µs; fluorescence intensity at 50 µs
Fj Fluorescence intensity at step J (at 2 ms)
Fi Fluorescence intensity at step I (at 60 ms)
Fm Maximal fluorescence intensity
Fv/Fm (Fm − Fo)/Fm The maximum quantum efficiency of PSII photochemistry
Vj (Fj − Fo)/(Fm − Fo) Relative variable Chl fluorescence (at 2 ms)
Vi (Fi − Fo)/(Fm − Fo) Relative variable Chl fluorescence (at 30 ms)
Mo TRo/RC − ETo/RC Net rate of PSII closure (rate of the primary photochemistry)

ABS/RC (Mo/Vj) × (1/φPO) Average absorbed photon flux per PSII reaction center (or also,
apparent antenna size of an active PSII)

TRo/RC Mo/Vj Maximum trapped exciton flux per PSII
ETo/RC (Mo/Vj) × (1 − Vj) Electron transport flux from QA to QB per PSII
DIo/RC ABS/RC − TRo/RC Heat dissipation at time zero per RC

PIABS
[rRC2/(1 − rRC2)] × [φPo/(1 − φPo)] ×
[ψET2o/(1 − ψET2o)]

Performance index for energy conservation, from photons absorbed
by the PSII antenna to the reduction of QB

PItotal
PIABS × {(1 − Vi)/(1 − Vj)}/[1 − {(1 −
Vi)/(1 − Vj)}]

Performance index for energy conservation from photons absorbed
by the PSII antenna, until the reduction of PSI acceptors

NPQ (Fm − Fm′ )/Fm′ Non-photochemical fluorescence quenching

Source: Strasser et al. [25]; Stribet and Govindjee [33].

2.7. Changes in Growth According to Various Light Qualities

The growth changes in lettuce under various light qualities were measured at the end
of cultivation, and the results were derived from a total of 8 individuals. The aboveground
and root fresh weight and leaf weight were measured using an electronic scale (PB602-S,
Mettler Toledo, Greifensee, Switzerland). The dry matter rate of aboveground and root
parts was determined by measuring their live weight with an electronic scale, drying them
in a hot-air dryer set at 70 ◦C for 72 h, and then measuring it again with an electronic scale.
Afterward, it was calculated using the formula below and expressed as a percentage.

Dry matter ratio (%) = (Dry weight/Fresh weight) × 100

The length and width of the leaves, as well as the hypocotyl thickness (HT), were
measured using an electronic Vernier caliper. The number of leaves was counted directly,
considering only leaves that were 10 mm or longer.

2.8. Statistical Analysis

The statistical analysis of the data was conducted using IBM SPSS statistics, ver-
sion 26.0 (IBM Corp., Chicago, IL, USA). Data were evaluated using analysis of variance
(ANOVA), 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 DMRT (Duncan’s
multiple range test). The standard deviation (SD) of each mean is indicated. Principal
component analysis (PCA) was carried out using XLSTAT version 2022 (Addinsoft Inc.,
244 Fifth Avenue, Suite E100, New York, NY, USA). Heatmap analysis of correlations and
overall changes in lettuce under various light qualities was used to visualize the differences
in the collected parameters between the treatments. Descriptive data were tested in IBM
SPSS statistics, version 26.0 (IBM Corp., Chicago, IL, USA).

3. Results
3.1. Spectral Reflectance Measurement

The spectral reflectance was analyzed for parameters related to vegetation (NDVI,
OSAVI, and MCARI) as well as stress and pigments (CRI1, CRI2, SIPI, and PRI). The results
of the vegetation indices NDVI and OSAVI showed the same trend under various light
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qualities. The NDVI and OSAVI showed the highest statistical values when cultivated
under B-LED. These B-LED results were, on average, 11.0% (NDVI) and 6.5% (OSAVI)
higher than those under QD- and R-LED, which had the lowest results. However, MCARI,
the chlorophyll absorption index, showed different results from NDVI and OSAVI: QD-
LED, which showed significantly lower results compared to other light qualities in NDVI
and OSAVI, exhibited the highest results (Figure 4).
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Figure 4. Normalized difference vegetation index (NDVI), optimized soil-adjusted vegetation index
(OSAVI), and modified chlorophyll absorption in reflectance index (MCARI) on the final day of
cultivation of mini green romaine lettuce (cv. Minicup) under various light qualities. Means with
different letters within columns indicate statistically significant differences according to Duncan’s
multiple range test at the 5% level. Data are presented as a mean of ten replicates.

Among the stress- and pigment-related indicators closely associated with changes in
carotenoids, CRI1, CRI2, and SIPI showed higher values in the order of B- → BR- → W-
→ QD- → R-LED. In particular, significant differences in CRI1 and CRI2 were observed
depending on the light quality. Blue light, which had the highest results, was approximately
28.0% (CRI1) and 27.6% (CRI2) higher than red light, which had the lowest results. Based
on these spectral reflectance results, higher levels of blue light in artificial light sources may
cause crops to experience higher levels of stress. However, the contents of carotenoids,
which are defensive compounds against light, can also increase. Conversely, red light
exhibits properties opposite to those of blue light. In particular, PRI, which is used to
measure plants’ productivity, is closely related to light-use efficiency and CO2 absorption
rate, along with carotenoid changes, showing the highest results in B-LED, which indicates
that blue light is closely related to photosynthesis (Figure 5).
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Figure 5. Carotenoid reflectance index 1 (CRI1), carotenoid reflectance index 2 (CRI2), structure-
insensitive pigment index (SIPI), and photochemical reflectance index (PRI) on the final day of
cultivation of mini green romaine lettuce (cv. Minicup) under various light qualities. Means with
different letters within columns indicate statistically significant differences according to Duncan’s
multiple range test at the 5% level. Data are presented as a mean of ten replicates.

3.2. Photosynthesis Performance Measurement

To investigate the photosynthetic performance of Minicup romaine lettuce under dif-
ferent light qualities, we examined the sub-stomatal CO2 concentration (Ci), transpiration
rate (E), stomatal conductance (gs), and photosynthetic rate (A). Among all of the LEDs
used in this study, BR-LED showed the best results compared to the other treatments in
all parameters related to photosynthetic performance. Conversely, when cultivated under
R-LED, the photosynthetic performance showed statistically significantly lower results
compared to all other treatments. Ultimately, regarding the most crucial parameter of pho-
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tosynthetic performance, which is A, BR-LED showed results approximately 34.4% higher
than those under R-LED, which had the lowest results. Furthermore, A showed similar
trends to the Ci, E, and gs results, suggesting that they are closely related. Overall, given
the higher results in all parameters for BR-LED and W-LED, manipulating the light quality
during romaine lettuce cultivation to achieve maximum photosynthetic rates would likely
benefit more from mixed light spectra rather than single spectra (Figure 6).
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Figure 6. Sub-stomatal CO2 concentration (Ci), transpiration rate (E), stomatal conductance of
CO2 (gs), and photosynthetic rate (A) on the final day of cultivation of mini green romaine lettuce
(cv. Minicup) under various light qualities. Means with different letters within columns indicate
statistically significant differences according to Duncan’s multiple range test at the 5% level. Data are
presented as a mean of eight replicates.

3.3. Chlorophyll Fluorescence Measurement

OJIP is a chlorophyll fluorescence induction curve that measures induced fluorescence
values during photosynthetic processes over approximately 1000 ms; it can be used to
calculate various physiological variables in plants. OJIP is investigated in four stages,
with the intensity of light investigated at each stage increasing as it progresses from the
initial O stage to the final P stage. In this study, the OJIP transition, excluding R-LED,
showed that as the light intensity increased, the results of chlorophyll fluorescence values
at all stages followed the sequence QD- → W- → B- → BR-LED. In particular, in the
case of romaine lettuce grown with QD-LED, the OJIP transition results showed that the
chlorophyll fluorescence value increased further as the light intensity increased compared
to the other LED treatments. In the case of R-LED, up to the O–J phases, it exhibited the
highest fluorescence values after QD-LED. However, from the I–P phases onwards, these
values gradually decreased. Ultimately, in the final P phase, R-LED showed the lowest
results after BR-LED, which had the lowest fluorescence values overall. Furthermore,
excluding BR-LED, the chlorophyll fluorescence values were higher in mixed light spectra
consisting of three or more spectra than in single-spectrum LEDs (Figure 7).
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Figure 7. The chlorophyll a fluorescence transient (OJIP) of mini green romaine lettuce (cv. Minicup)
for 30 days under different light qualities. The value of the X axis is expressed on a logarithmic
scale. Mean values were derived from eight measurements taken from eight samples, resulting in six
outcome values. Step “O” = Fo, fluorescence intensity at 50 µs; step “J” = Fj, fluorescence intensity at
2 ms; step “I” = Fi, fluorescence intensity at 60 ms; step “P” = Fm, maximal fluorescence intensity.
Data are presented as a mean of six replicates.

Chlorophyll fluorescence analysis, along with the photosynthetic performance param-
eters investigated in this study, can ultimately provide parameters that can characterize
the overall efficiency of photosynthesis. However, Ci, E, gs, and A are measured based
on CO2 and reflect parameters directly related to the photosynthetic process. On the
other hand, chlorophyll fluorescence is not used in photosynthesis and is measured based
on fluorescence emitted from reflected light, so there is a difference in the measurement
method. Fv/Fm was lowest under R-LED, with no significant differences observed among
the other treatments. In Photosystem II, the light energy absorption (ABS/RC), trapping
of electrons (TRo/RC), and electron transport rate (ETo/RC) were highest under R-LED
and lowest under BR-LED. However, the PIABS results, which indicate the final electron
acceptor reduction level of PSII and PSI, showed higher values in the order of BR- → W- →
B- → QD- → R-LED. This appears to be due to the fact that DIo/RC showed the highest
results under R-LED and the lowest under BR-LED. Furthermore, the results of PIABS
were quite similar to those of A in Figure 6. PItotal represents an overall photochemical
performance index.

Although there were no statistically significant differences between B-, BR-, and W-
LED, significant differences were observed compared to QD- and R-LED, showing higher
results. ABS/RC was particularly high in the R-LED and QD-LED treatments (Table 3).
This was attributed to the photomorphogenic effects of light quality, where the leaves of
romaine lettuce grown under R-LED and QD-LED grew longer and wider compared to
the other treatments, enabling them to receive more light effectively (Figure 8). NPQ is
non-photochemical quenching where, like DIo/RC, absorbed light energy that cannot be
used for photosynthesis is released as heat. However, NPQ and DIo/RC are calculated
using different formulae, so while they may exhibit similar overall trends, their results may
not be perfectly identical. In fact, the results of this study showed a significant difference
between R and QD-LED in DIo/RC, but no difference in NPQ. There were no statistically
significant differences in DIo/RC and NPQ between the BR-, W-, and B-LED treatments.
Summarizing the results regarding chlorophyll fluorescence, it is evident that the presence
of blue light in LED spectra plays a crucial role in photosynthetic performance. However,
despite QD-LED having the same percentage of blue light as BR-LED (24%), and similar
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proportions in the red light range, it exhibited lower photosynthetic performance compared
to R-LED (Table 3). This was likely influenced by the far-red light present in QD-LEDs.

Table 3. Fv/Fm, ABS/RC, TRo/RC, ETo/RC, DIo/RC, PIABS, and PItotal on the final day of cultivation
of mini green romaine lettuce (cv. Minicup) under various light qualities.

Treatments Fv/Fm ABS/RC TRo/RC ETo/RC DIo/RC PIABS PItotal NPQ

QD-LED 0.851 ab Z 1.580 b 1.344 a 0.851 a 0.237 b 6.919 c 3.855 b 0.829 a
BR-LED 0.843 b 1.306 d 1.102 c 0.781 b 0.205 c 10.031 a 4.518 a 0.719 b
W-LED 0.857 a 1.439 c 1.234 b 0.847 a 0.205 c 9.260 ab 4.487 a 0.702 b
B-LED 0.851 ab 1.419 c 1.205 b 0.822 ab 0.210 c 8.922 b 4.570 a 0.651 b
R-LED 0.818 c 1.687 a 1.382 a 0.860 a 0.304 a 5.139 d 2.705 c 0.845 a
p-Value *** *** *** * *** *** *** ***

Z Means with different letters within columns indicate statistically significant differences according to Duncan’s
multiple range test at the 5% level. * and *** indicate significant differences at p < 0.05 and 0.001, respectively.
Data are presented as a mean of eight replicates.
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3.4. Changes in Growth According to Various Light Qualities

The fresh weight and dry matter ratio of both the aboveground and root parts were
investigated at the end of cultivation under various light spectra. The trends in fresh
weight between the aboveground and root parts were very similar, indicating that the
development of the root parts could affect the growth of the aboveground parts. In this
study, mini romaine lettuce showed the best results when grown under R-LED lighting,
which exhibited the highest aboveground fresh weight, 31.6% heavier than the second-
highest (BR-LED). Compared to W- and B-LED, which showed the lowest growth, R-LED
had an average difference of approximately 60.0% (Figure 9).

Lettuce’s aboveground part is directly utilized and consumed by consumers, making
internal quality crucial. However, to complete the purchase decision, external qualities such
as shape, leaf color, freshness, and other appearance factors that can vary by lettuce variety
are also very important. However, lettuce grown under 100% red light exhibited severe
leaf curling, making it difficult to discern the original variety’s leaf shape; furthermore, it
induced tip burning in the growth points of most individuals (Figure 8). Therefore, for
these reasons, using 100% red light for indoor lettuce cultivation was deemed unsuitable,
despite potentially higher aboveground biomass compared to other light spectra, due to
severely compromised marketability.
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Figure 9. Aboveground fresh weight, root fresh weight, aboveground dry matter ratio, and root
dry matter ratio on the final day of cultivation of mini green romaine lettuce (cv. Minicup) under
various light qualities. Means with different letters within columns indicate statistically significant
differences according to Duncan’s multiple range test at the 5% level. Data are presented as a mean
of eight replicates.

Based on aboveground fresh weight, lettuce grown under QD- and BR-LED had
different overall shapes due to differences in leaf length and width, but both spectra
showed marketable quality and yielded high weight per planting day. Therefore, these
two light spectra are considered to be the most suitable for growing mini green romaine
lettuce. For the aboveground and root dry matter ratios, the trend was not similar to
that for fresh weight. The aboveground dry matter ratio was highest under BR-LED, and
there were no significant differences among the remaining treatments (Figure 9). In this
study, graphs depicting the relationship between aboveground dry weight and body water
content are not provided; however, this indicates that the average dry weight of lettuce
grown under R-LED, which had the highest aboveground fresh weight of 149.28 g, was
7.19 g. Moreover, the body water content relative to the average aboveground fresh weight
was higher (96.78%) compared to other treatments. These results are stated to be due to the
lower transpiration rate of lettuce grown under red light compared to the other treatments,
as shown in the transpiration rate results in Figure 6. Following R-LED, BR- (75.8%) and
QD-LED (57.5%), which contained more than half of the red light within the total spectrum
of light qualities, had body water contents of 94.95% and 95.08% relative to their average
aboveground fresh weight, respectively. Furthermore, in contrast, W-LED and B-LED,
which had higher amounts of green or blue light relative to red light in the total spectrum,
showed lower body water contents relative to their average body mass. Specifically, W-LED
had a body water content of 92.18%, and B-LED had 91.95%, which were lower compared
to R-, BR-, and QD-LED.

When examining the parameters of chlorophyll fluorescence, ultimately, the results
of A, PIABS, and PItotal were significantly lower under QD- and R-LED compared to BR-,
W-, and B-LED (Figure 6 and Table 3). However, the results regarding aboveground fresh
weight did not resemble this pattern. In the treatment where the aboveground fresh weight
was highest, R-LED, the results for A, PIABS, and PItotal were the lowest. Conversely,
in treatments where aboveground fresh weight results were lower than those of R-LED,
the results for A, PIABS, and PItotal were higher. This is because the energy generated
through photosynthesis is not only utilized for growth but also significantly influences
the photomorphogenesis of lettuce parts depending on the light quality. In fact, in this
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study, leaf length, leaf width, number of leaves, leaf weight, and hypocotyl thickness were
measured to investigate parameters that can affect the aboveground fresh weight of lettuce.
The parameters constituting the aboveground fresh weight were slightly different for each
light quality, but when viewed from the growth pattern according to the cultivation period,
the results of the number of leaves and hypocotyl thickness were very similar to the results
of aboveground fresh weight. Lettuce leaves have a thick central midrib, and the hypocotyl
supports all of the leaves, contributing significantly to the aboveground fresh weight
(Figure 10). Therefore, differences in the number of leaves and hypocotyl thickness due to
light quality are likely to be much more pronounced than the differences that may arise
in leaf length, leaf width, and leaf weight. In this study, although specific values for the
standard deviation (SD) of each parameter across different light qualities were not provided,
calculations showed that the number of leaves had an SD of 6.18, which was 70.8% greater
than that of the other growth-related parameters, while the hypocotyl thickness had the
second-highest SD, at 2.63. From the perspective of crop growth, photosynthesis is merely
a process that converts external light energy into usable energy for the plant. Ultimately,
how this converted energy is utilized—whether for growth or photomorphogenesis—can
vary depending on the light quality.
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Figure 10. Leaf length, leaf width, number of leaves, leaf weight, and hypocotyl thickness on the
final day of cultivation of mini green romaine lettuce (cv. Minicup) under various light qualities.
Z Means with different letters within columns indicate statistically significant differences according
to Duncan’s multiple range test at the 5% level. *** indicate significant differences at p < 0.001,
respectively. Data are presented as a mean of eight replicates.

During crop cultivation, photosynthesis and photomorphogenesis occur simultane-
ously in response to light quality. As seen in Figure 8, lettuce showed significant photomor-
phogenesis depending on the light quality. These differences became more pronounced as
the growth progressed, and such morphological changes are likely to significantly impact
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the photosynthetic performance and chlorophyll fluorescence parameters of lettuce under
the same light intensity.

3.5. Heatmap and Principal Component Analysis (PCA)

Through the parameters related to spectral reflectance, photosynthetic performance,
chlorophyll fluorescence, and growth, the correlation between them and the overall changes
in each light quality and parameter were displayed as a heatmap (Figure 10). The NDVI,
which is included in the vegetation indices among spectral reflectance and is proportional
to the change in chlorophyll, showed a high positive correlation with CRI1, which indicates
the amount of carotenoid compared to chlorophyll at the p < 0.01 level. Additionally, it
was confirmed that the NDVI, CRI1, CRI2, and PRI showed statistically opposite trends to
NPQ. In addition, the PRI, like CRI1 and CRI2, is an index that reflects stress and changes
in carotenoids and is also related to light efficiency and CO2 absorption rate in photosyn-
thesis, showing a strong inverse relationship to NPQ. However, the parameters related to
spectral reflectance had no noticeable correlation with other photosynthetic performance,
chlorophyll fluorescence, and growth parameters, except for NPQ. It was found that as
the concentration of Ci—one of the parameters of photosynthetic performance—increases,
ETo/RC may decrease. E and gs showed a 95% negative correlation between ABS/RC and
TRo/RC during the photosynthetic process, and although there was no statistical signif-
icance, they also showed an inverse relationship with ETo/RC and DIo/RC (Figure 11).
This means that as E and gs increase, light absorption can be hindered. When the stomata of
the guard cells open due to transpiration, the area where the chloroplasts of the guard cells
can receive light energy decreases, so the quantity and amount of light energy absorbed
may decrease. As a result, it is considered that the amount of absorbed light energy and
the electron excitation energy absorbed from light can decrease. Ultimately, A showed
a significant proportional relationship with PIABS and PItotal, especially the latter. It was
confirmed that changes in the appearance of mini green romaine lettuce can significantly
affect its photosynthetic performance. It was also found that an increase in leaf length can
reduce stomatal conductance, and as leaf width and leaf weight increase, the photosynthetic
rate can decrease (Figure 11). Fv/Fm is a measure of quantum efficiency that quantifies
the plant’s light absorption capacity at the time of measurement. Unlike DIo/RC and
NPQ, which represent the amount of light energy dissipated as heat that is not utilized in
photosynthesis, Fv/Fm indicates the light energy that is dissipated as fluorescence and not
utilized in photosynthesis. This increase in fluorescence dissipation (Fv/Fm) can reduce
DIo/RC, because the amount that can be dissipated in addition to the light energy used for
photosynthesis is limited. Additionally, excessive aboveground and root growth and an
increase in leaf numbers were found to decrease quantum efficiency rather than enhance it.
Increasing leaf length and width was noted to decrease photosynthetic efficiency, and this
effect was similarly observed for PIABS and PItotal (Figure 11). Interpreting this correlation
suggests that increasing leaf length and width can increase the amount of light energy
absorbed per unit area (ABS/RC), as well as the number of trapped electrons (TRo/RC).
However, due to the increased leaf area, the amount of energy dissipated as heat (DIo/RC)
may also increase. Ultimately, this may lead to a decrease in energy conservation effi-
ciency from photons absorbed by the PSII antenna until PSII and its electron acceptors
decrease. In particular, PItotal showed a negative correlation with DIo/RC at a very high
level (−0.994 **), with the same trend as the aboveground fresh weight and leaf weight
(Figure 11). Thus, the inverse relationship of A, PIABS, and PItotal with growth-related
parameters implies that excessive growth of mini green romaine lettuce can actually reduce
its photosynthetic performance. This could be due to the light quality, but it is also likely
related to the planting distance during lettuce cultivation. Although not mentioned in this
study, the cultivation area for actual lettuce growth was limited, so a sufficient planting
distance for lettuce could not be maintained until the end date of cultivation. Interference
between individuals can lead to inefficient CO2 assimilation, uneven light absorption
and, consequently, stress on growth. The aboveground fresh weight and hypocotyl thick-
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ness increased with the development of the root part, and the increase in aboveground
fresh weight appeared to be due to an increase in the number of leaves rather than their
length and width. Additionally, leaf weight showed a positive correlation with leaf width
(0.975 **), indicating that the increase in leaf width of mini green romaine lettuce had an
effect on the increase in leaf weight (Figure 11).
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Figure 11. Heatmap of correlation of the observed parameters on the final day of cultivation of
mini green romaine lettuce (cv. Minicup) under various light qualities: Data are presented as a
mean of six replicates. NDVI, OSAVI, MCARI, CRI1, CRI2, SIPI, PRI, Ci, E, gs, A, NPQ, AFW,
RFW, ADMR, RDMR, and HT represent the normalized difference vegetation index, optimized
soil-adjusted vegetation index, modified chlorophyll absorption in reflectance index, carotenoid
reflectance index 1, carotenoid reflectance index 2, structure-insensitive pigment index, photochemical
reflectance index, sub-stomatal CO2 concentration, transpiration rate, stomatal conductance of CO2,
photosynthetic rate, non-photochemical fluorescence quenching, aboveground fresh weight, root fresh
weight, aboveground dry matter ratio, root dry matter ratio, and hypocotyl thickness, respectively.
*, and ** indicate significant differences at p < 0.05 and 0.01, respectively.

Principal component analysis is the most widely used multivariate technique in
all scientific fields and is known to extract key information, express it as a new set of
orthogonal variables called principal components, and display the similarity patterns of
observations and variables as points on a map [34]. PCA can also explain correlations
between investigated parameters and relationships between treatments [35]. In this study,
principal component analysis was performed using spectral reflectance, photosynthetic
performance, chlorophyll fluorescence, and growth parameters according to light quality,
in order to determine which light quality influenced changes in each parameter (Figure 12).
Factor 1 (F1) and Factor 2 (F2) together accounted for approximately 72.39% of the total
variance, with F1 contributing ~53.60% and F2 ~18.79%. F1 was positively correlated with
all growth parameters except for the aboveground and root dry matter ratios. In particular,
the leaf width and leaf weight increased due to the effect of red light compared to other light
qualities. ABS/RC, TRo/RC, and ETo/RC were increased by QD-LED, while DIo/RC was
increased by R-LED. In the above correlation, ABS/RC and TRo/RC, which are associated
with leaf morphology, exhibited strong positive correlations with leaf length and width
(Figure 11). The measured values of these parameters were higher under QD-LEDs and R-
LEDs (Table 3 and Figure 10). From visual inspection of lettuce morphologies photographed
from the ground, it was clear that lettuce grown under QD-LED and R-LED had larger leaf
areas compared to specimens grown under other treatments. This suggests that these plants
could receive more light per unit area (Figure 8). Additionally, the PCA results showed that
leaf length, leaf width, ABS/RC, and TRo/RC were increased under the influence of QD-
and R-LED. Taking these results together, it can be proven once again that external changes
in the photomorphogenesis of lettuce depending on light quality can cause differences in
the degree of light energy absorption. Parameters related to photosynthetic performance
(Ci, E, gs, A) showed a negative correlation with R- and QD-LED, while they appeared to
be increased by BR- and B-LED. In addition to ABS/RC, TRo/RC, ETo/RC, and DIo/RC,
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the chlorophyll fluorescence, spectral reflectance, and photosynthetic performance were
decreased by R- and QD-LED and increased by BR- and B-LED. CRI1 and CRI2, which are
closely related to stress and carotenoid changes, were also affected by B-LED and showed
their highest values, while the PRI was also increased by W- and B-LED (Figure 12).
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Figure 12. Biplot of the principal component analysis (PCA) on the final day of cultivation of mini
green romaine lettuce (cv. Minicup) under various light qualities. Data are presented as a mean
of six replicates. NDVI, OSAVI, MCARI, CRI1, CRI2, SIPI, PRI, Ci, E, gs, A, NPQ represent the
normalized difference vegetation index, optimized soil-adjusted vegetation index, modified chloro-
phyll absorption in reflectance index, carotenoid reflectance index 1, carotenoid reflectance index 2,
structure-insensitive pigment index, photochemical reflectance index, sub-stomatal CO2 concen-
tration, transpiration rate, stomatal conductance of CO2, photosynthetic rate, non-photochemical
fluorescence quenching, respectively.

4. Discussion

The NDVI, OSAVI, and MCARI, which are vegetation indices that can determine the
vitality of crops in a non-destructive way, showed the highest vitality under B-LED except
for MCARI (Figure 4). Vaštakaitė-Kairienė et al. [36] studied lettuce grown under LEDs
composed of 5% blue (B, peak = 450 nm), 10% green (G, peak = 530 nm), and 85% red
light (R, peak = 660 nm), and treated with additional blue light before the end of the day
at various developmental stages to investigate the effects of blue light. The additional
blue light had a negative effect on the PRI and NDVI during the lettuce seedling stage
(day 8), while no significant changes were reported during the young leaf stages (day 15,
day 25) [36]. These differing results from our study were likely due to differences in the
growth stages of lettuce used in the light treatments, the duration of blue light exposure,
and the intensity of the light. Conversely, even when mini red romaine lettuce was grown
for 49 days under LEDs of various light qualities, the NDVI under 100% blue light was
statistically significantly higher than that under 100% red light, BR-LED, W-LED, and wide
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red spectrum-LED [8]. Additionally, when growing pakchoi, adding blue and red light to
100% W-LEDs significantly increased the NDVI, OSAVI, and MCARI1 [37]. Under BR-LEDs
with different intensity ratios of blue light and red light, the daily (18, 25, and 32 days)
NDVI results were high even under BR-LEDs with enhanced blue light, and the OSAVI
showed the same results even after 25 days. However, the MCARI was found to be more
positively affected by red-enhanced BR-LEDs than by blue-enhanced BR-LEDs [1]. Unlike
the NDVI and OSAVI, the MCARI, which is a chlorophyll absorption index and is closely
related to chlorophyll changes, showed the highest results under QD-LED (Figure 4). This
is because the MCARI is highly sensitive to changes in chlorophyll concentration and leaf
area index (LAI). In fact, in this study, lettuce grown under QD-LED, as observed from
ground-level photographs, had wider leaves compared to those in other treatment groups
(Figure 8). The CRI1, CRI2, SIPI, and PRI are indices that are commonly related to stress. In
particular, the CRI1, CRI2, and SIPI are closely related to changes in carotenoids, which
are pigments, while the PRI is an index related to changes in photosynthetic quantum
efficiency or changes in CO2 absorption ability. In this study, the CRI1, CRI2, SIPI, and PRI
were highest under B-LED and lowest under R-LED (Figure 5). Previous research has also
shown that blue light has an opposite effect to red light on crop color expression [8,38]—a
well-known fact that aligns with the results of this study. However, unlike this study,
previous studies reported that the CRI and PRI decreased when blue light was added
before the end of the day compared to when blue light was not added [36]. Yudina
et al. [1] also found that for lettuce grown on day 18, BR-LEDs enhanced with red light
had higher carotenoid contents compared to BR-LEDs enhanced with blue light; however,
after 25 days, the carotenoid contents increased significantly in the blue light-enhanced
BR-LED treatment [1]. Given these results, it appears that an accumulation of blue light
over a period of time is required to see its effect on the spectral reflectance associated with
the pigment. In Brassica microgreens, when treated with different ratios of BR-LEDs, most
spectral reflectance parameters, including the NDVI and CRI2, showed significantly lower
values as the blue light ratio decreased to 50% or less. However, the PRI was highest under
100% blue light [39]. Taken together, it can be seen that spectral reflectance parameters
can result in different results for various conditions, such as light quality, crop, variety,
development stage, and number of days of treatment.

Photosynthesis is an essential biological process for plants to live, and improving
the photosynthetic rate is known to be very important, as it is closely related to crop
yield [40]. In this study, Ci, E, gs, and A were investigated as indicators related to photo-
synthetic performance, and among the various light qualities, lettuce grown under BR-LED
showed the best results (Figure 6). The A results for W-LED were higher than those for
the monochromatic B- and R-LED (Figure 6), showing similar results in Allium fistulosum
L. Additionally, 100% blue light was more dominant in photosynthetic performance pa-
rameters such as Ci, E, gs, and A compared to 100% red light [41]. Gao et al. [41] reported
that monochromatic light damages photosynthetic pigments, resulting in a decrease in
total chlorophyll content compared to mixed light. This suggests that mixed light can
be more effective for photosynthesis by maintaining photosynthetic pigments better than
monochromatic light. When growing mini green romaine lettuce, the A of BR-LED was
high, with a significant difference from W-LED in mixed light (Figure 6). Red basil in the
vegetative growth stage also showed the same results as this study, but green basil did
not. In addition, the Ci, E, and gs of both red and blue basil showed results that were
contradictory to those of this study [42]. This was attributed to the ratio of blue, red, and
green light within the W-LED. The ratio of blue light to red light under the BR-LED, which
had the highest A in this study, was approximately B:R = 1:3 (Figure 6). Coriander also
showed the highest net photosynthesis rate at the same ratio as the BR-LED used in this
study, which was statistically significantly higher than that under monochromatic blue and
red light [43]. Far-red light, which comprises ~18.1% of QD-LED, is known to mainly regu-
late the morphology, physiology, and biochemistry of plants in shady environments [44].
However, while QD-LED has various advantages, such as high photosynthesis efficiency
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and a wide light distribution angle compared to general LEDs, it did not show good results
in photosynthesis parameters (Figure 6). Talbott et al. [45] reported that blue light and red
light promote stomatal opening, with blue light particularly enhancing K+ accumulation
in guard cells to increase the water potential and facilitate water’s influx into guard cells,
thereby inducing stomatal opening. However, far-red light can reverse the stomatal open-
ing induced by blue light [45]. This is likely associated with the statistically significantly
lower stomatal conductance, assimilation rate, and photosynthetic rate observed under
QD-LED compared to BR-LED in this study.

OJIP is an indicator that reveals the state of electron transfer processes during pho-
tosynthesis [46]. The O–J, J–I, and I–P phases represent the reduction states of PSII re-
action centers, the plastoquinone (PQ) pool, and the electron acceptors on the PSI side,
respectively [47]. As mentioned in the above results, R-LED showed the second-highest
fluorescence intensity after QD-LED in the O–J phase, but it began to decrease from the
J–I phase and showed a lower level than W-LED and B-LED. The last stage (I–P) was the
lowest, along with BR-LED (Figure 7). This can be interpreted to mean that, unlike other
light sources, when the intensity of monochromatic red light increases above a certain
level, electron movement is suppressed and photosynthetic efficiency decreases. These
results were the same in growth reaction experiments for Cyclocarya paliurus and Carpesium
triste Maxim in vitro [48,49]. Fv/Fm is considered to be an indicator of photosynthetic
efficiency and electron transport activity in plants [50]. The lowest Fv/Fm result of R-LED
in this study may indicate that the transfer of more electrons from quinone A- (QA-) to the
electron transport chain was inhibited by red light, thereby reducing the photochemical
efficiency of PSII (Table 3). DIo/RC and NPQ were both highest under R-LED, showing
significant differences from the other treatments (Table 3). Aliniaeifard et al. [51] reported
that, in Calendula officinalis. L, the performance index for PSII per absorbed light and Fv/Fm
decreased under red light, while the quantum yield of energy dissipation increased. They
also noted that most of the absorbed light energy in the photosystem was dissipated as heat.
ABS/RC, TRo/RC, and ETo/RC also showed the highest results under R-LED (Table 3).
Zhao et al. [49] reported that this may be because photons absorbed by the inactive reac-
tion center under red light moved to the active reaction center, and that the NPQ further
increased because photons could not be effectively captured by the active center. B-LED’s
PIABS was statistically the second-highest after BR-LED’s, which showed the highest results,
and PItotal showed the highest results among all treatments. Additionally, DIo/RC and
NPQ showed the lowest results statistically (Table 3). In cucumber leaves, electron transfer
from the PSII donor side to PSI was inhibited by red light, and the non-optimization of
photosystem activity was effectively alleviated by the addition of blue light [52]. In the
study by MIAO et al. [52] and this study, the degree of difference in rankings and result
values for PIABS and PItotal results between B- and BR-LED were different. This may have
been due to differences in the crop or to a higher content of red light than in the BR-LED
used in this study. In the green alga Haematococcus pluvialis, when monochromatic blue or
red light is combined with a high proportion of blue light, electron transfer from quinone A
(QA) to quinone B (QB) and from the PQ pool to the electron acceptors of PSI is enhanced.
It has been reported that this enhances PIABS and PItotal. Conversely, it was reported that
the quantum yield of thermal dissipation (φDo) and NPQ decreased [53].

In a previous study, it was reported that BR-LED had higher fluorescence intensity
than red light at the I–P phase [49]. However, in this study, BR-LED was lower than other
light qualities in all OJIP phases (Figure 7). In Brasenia schreberi seedlings, similar to the
results of this study, the quantum yield of PSII and photochemical quenching results were
lowest under BR-LED [54]. This is thought to be due to the difference in the mixing ratio
of blue light and red light between the BR-LEDs used in the study by Zhao et al. [49]
and in this study. The energy-flux-related parameters (ABS/RC, TRo/RC, ETo/RC, and
DIo/RC) of lettuce grown under BR-LED were the lowest. However, BR-LED ultimately
showed the highest results compared to other treatments in terms of PIABS and PItotal,
which indicate the degree of electron acceptor reduction of PSII and PSI, as well as energy
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conservation performance (Table 3). Zhao et al. [49] reported that BR-LED was effective in
the electron transfer process from quinone A (QA) to quinone B (QB) and showed higher
activity in the photosynthetic apparatus. Furthermore, in a previous study on cucumber
cultivation, it was reported that BR-LED (B:R = 1:8) promoted photosynthetic activity more
effectively than R-LED (660 nm), increasing the electron transfer rates of PSII and PSI
by 176.9% and 127.0%, respectively; it was also noted to enhance linear electron transfer
by increasing electron transfer from QA to PSI [52]. W-LED, which showed the second-
highest fluorescence intensity, is different from other light qualities used in this study and
consists of the entire spectrum of 400–700 nm rather than a combination of only specific
wavelengths. In particular, the W-LED used in this study contained a higher proportion
of green light than of blue and red light (Figure 2). It has been reported that when this
green light was used alone, the photosynthetic rate of leaves was more than twice as low
as that of blue and red light in lettuce [55]. However, when mixed red and blue light
was used in this study, Fv/Fm was the highest, and PIABS and PItotal showed high results
together with no statistical difference from BR-LED and B-LED (Table 3). This indicates
that full-spectrum rather than specific single wavelengths of light may be more effective
in enhancing the photosynthetic performance of crops [56]; alternatively, similar to other
previous studies, it suggests that results comparable to or better than those of BR-LED
can be achieved even when green light, such as that used in the W-LED in this study,
is mixed alongside blue and red light combinations [49,57]. The OJIP curve of QD-LED
had the highest fluorescence intensity compared to the other light qualities, from start to
finish (Figure 7). QD-LED showed the highest results after R-LED in parameters related to
energy flux (ABS/RC, TRo/RC, ETo/RC, and DIo/RC) and NPQ. PIABS and PItotal were
also lowest after R-LED (Table 3). From the perspective of the chlorophyll fluorescence
results in this study, QD-LED was not as suitable for lettuce cultivation compared to other
light qualities, similar to when using only red light. QD-LED has a mixed wavelength
range of far-red light (738 nm) (Figure 2). It is known that the efficiency of monochromatic
light for photosynthetic enhancement sharply declines beyond a wavelength of 685 nm,
and wavelengths in the far-red region (λ > 700 nm) are also poorly absorbed by leaves,
thereby minimally affecting the photosynthetic quantum yield [58]. Therefore, this study
expected the Emerson synergistic effect of increasing the photosynthetic rate when long-
wavelength (λ > 685 nm) and short-wavelength light were applied simultaneously rather
than individually [9]. Zhen and van Iersel [58] reported that adding far-red light to warm
W-LED and BR-LED increased the quantum yield of PSII (ΦPSII) by an average of 6.5% and
3.6%, respectively. It was also said that the loss of absorbed light as heat was reduced by
reducing NPQ, and this was presumed to be because far-red light preferentially excites PSI.
In addition, as the amount of far-red light increased, its effect increased asymptotically, and
the increase in ΦPSII was related to the increase in net photosynthesis [58]. However, in the
case of QD-LED, the blue light was the same as BR-LED at 24%, and the red light ratio was
also the same, but it showed the lowest photosynthesis performance after R-LED (Table 3).
This suggests that ~18% far-red light had an antagonistic effect with blue light, or that the
ratio of far-red light, which had a complementary effect with red light, was not appropriate
compared to red light. Zhen and van Iersel [58] stated that in order for photosynthesis to
improve when two types of light (red light and far-red light) are combined, the two lights
must complement one another, and PSII and PSI must be excessively excited. However, it is
believed that the ratio of far-red light from the QD-LED used in this study was insufficient
to excessively excite PSI. In a previous study, it was found that adding far-red light (735 nm)
to BR-LED (B:R = 1:9) did not have a direct effect on biomass and only increased the
light-use efficiency. Since this is related to the increase in light energy capture through the
expansion of leaf area due to photomorphogenesis, far-red light does not necessarily have
a direct effect on photosynthesis [59].

The aboveground fresh weight of lettuce grown under R-LED showed significantly
higher results compared to the other treatments, being 31.6% heavier than lettuce grown
under BR-LED, which had the second-highest results (Figure 9). In a previous study, the
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aboveground fresh weight of mini red romaine lettuce grown under monochromatic red
light showed the highest result, with a statistically significant difference from the other
treatments at the end of cultivation [8]. Izzo et al. [7] also reported that the leaf area and
aboveground fresh weight of green and red lettuce were the best under 100% red light.
Red light (600–680 nm) is stated to have greater efficiency in driving the photosynthesis
of photons, measured as the amount of fixed CO2 or generated O2 per mole of absorbed
photons, compared with blue and green light [58]. In this way, red light is considered to
be the optimal light quality for improving aboveground fresh weight, but it has problems
in terms of photomorphogenesis compared to other light qualities. Photomorphogenesis
is an important plant process that is greatly influenced by the quality of light, and it is
known that red light (600–700 nm) tends to promote the expansion of leaf area [7]. In
this study, R-LED showed a significant difference from the other treatments and tended
to produce higher leaf length and leaf width (Figure 10). However, cultivation under
100% red light often resulted in excessive elongation of the hypocotyl, leaf curling, and
abnormal characteristics such as photosynthetic speed [8,60], which were also referred
to as “red light syndrome” [61]. BR-LED was created by adding blue to compensate for
the above shortcomings of red light. BR-LED is a light source that combines red light,
which is excellent for growth but inefficient in terms of photosynthetic performance and
photomorphogenesis, and blue light, which is effective in photosynthetic performance but
disappointing in terms of growth, and can act differently on crops depending on various
mixing ratios. In this study, the aboveground live weight of BR-LED was the second-highest
after red light (Figure 9). This finding is consistent with those of Lee et al. [8], and it has
also been reported that each leaf’s photosynthetic efficiency increased when blue light
was increased by up to 66% along with red light [7]. Although the ratio of blue to red
light in the BR-LED in this study was different (B:R = 1:3), Zhao et al. [49] also reported
that the shoot diameter, biomass, and root system development of Carpesium triste Maxim
were promoted under BR-LED (B:R = 1:1) compared to monochromatic blue, red, and
white lights. They explained that this could be due to the spectral energy distribution of
red and blue light aligning with chlorophyll absorption, thereby increasing the stomatal
conductance and net photosynthetic rate. As a result, they observed that the plants became
sturdier and more compact in form. Overall, in this study, BR-LED was considered to be
the most suitable light source for lettuce cultivation. This is because BR-LED achieved
the highest shoot biomass and excellent photosynthetic performance (A, PIABS, and PItotal)
compared to other light sources, while effectively maintaining the natural shape of the
crop. In this study, the aboveground fresh weight of lettuce grown under B-LED showed
the lowest results (Figure 9), and the results were the same in the study by Lee et al. [8].
Blue light (400–500 nm) is generally known to inhibit cell division and expansion, thereby
reducing leaf area [62]. It has been stated that the reduction in plant growth caused
by strong blue light mainly arises from developmental limitations in radiation capture
through photomorphogenesis [7]. As shown above, unlike red light, blue light is not
very effective in terms of growth, but previous studies have shown positive results in the
stomata and chloroplast development, stomatal conductance, and water-use efficiency
of indoor plants [7,63]. Therefore, blue light can increase photosynthetic efficiency per
unit leaf area [64] and help maintain productivity in young leaves and cultivation [65].
Hypocotyl thickness showed the lowest results under blue light (Figure 10) but showed
a statistically high positive correlation with root fresh weight (Figure 11). However, in
Arabidopsis thaliana and Solanum lycopersicum seedlings grown in blue light, they were
thicker than in white and red light, and this difference appeared to depend on cell size
rather than cell number [66]. The contrasting results observed in this study could be due
to variations in how the crops themselves or different growth stages respond to different
light qualities, particularly in terms of stem diameter. Alternatively, it can be inferred
that, as growth progresses, underground development influenced by light qualities may
have a greater impact than the direct effect of the light qualities themselves, as seen in
the findings of this study. The results regarding growth, photosynthetic performance, and
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chlorophyll fluorescence parameters, excluding leaf number, were very similar between W-
LED and B-LED (Figure 6, Table 3, and Figure 9). The W-LED used in this study contained
44.1% green light (500–599 nm) (Figure 2), and this range is known to be less absorbed by
plant pigments and, thus, has less effect on vegetative growth and photosynthesis [67]. For
this reason, green light is often used in combination with other light properties, rather than
alone, in order to enhance plants’ growth and development. In fact, it has been reported
that adding green light to BR-LED had a positive and significant effect on the leaf growth
and photosynthetic activity of lettuce [68]. Furthermore, green light, similar to far-red
light, has the advantage of being able to penetrate beneath the canopy, where light is less
accessible, and reach overlapping areas between plants. This capability allows for energy
transfer that can contribute to enhanced growth and photosynthesis [69]. However, in
this study, the conditions did not provide enough shading within the canopy to achieve
such effects, and there was minimal interference between individuals, making it difficult to
obtain better results than under BR-LED. Furthermore, another reason could be that green
light antagonizes the promotion of stomatal opening by blue light [70]. Recent studies have
shown that far-red light not only increases photosynthetic efficiency but also improves the
biomass of lettuce by increasing the capture of light energy through the expansion of leaf
area via photomorphogenesis, rather than through direct photosynthesis [59]. An example
of the above results is that stems within the canopy were elongated, leaves were expanded,
and dry weight increased through an increase in far-infrared rays in the light [71]. However,
in this study, both the aboveground fresh weight and dry matter ratio of QD-LED were
lower, with significant differences compared to BR-LED. The leaf length under QD-LED
was the longest compared to the other treatments, and the leaf width and leaf weight were
approximately 16.5% and 23.2% higher than under BR-LED, respectively. However, in
terms of the number of leaves, BR-LED exceeded QD-LED by more than 30.4%. In fact, in
the correlation analysis, the number of leaves and aboveground fresh weight showed a
statistically significant positive correlation, but this was not the case with leaf length, leaf
width, and leaf weight (Figure 11). Based on the results of this study, it was determined that
in order to properly see the effects of far-infrared rays, leaves must undergo morphological
changes over a certain period of time through sufficient shade provided by overlapping
crops during cultivation.

Spectral reflectance, photosynthetic performance, chlorophyll fluorescence, and growth-
related parameters were analyzed for their correlations and PCA results (Figures 11 and 12).
Most of the spectral reflectance parameters showed negative correlations with DIo/RC and
NPQ (Figure 11). These results were also shown in the PCA results, and the parameters
related to spectral reflectance were increased by B- and BR-LED, while DIo/RC and NPQ
were found to be greatly influenced by R-LED and QD-LED (Figure 12). Shin et al. [72]
showed that the lower the NDVI result, the less the DIo/RC result tended to increase
under various light sources for Cichorium intybus L. cultivars. In pakchoi (Brassica rapa
subsp. chinensis), when blue light was added to white light, the NDVI, OSAVI, MCARI1,
and SIPI all increased significantly compared to general white light, and the same increase
was observed when red light was added [37]. In addition, a previous study showed that
when W-LED was combined with blue light, carotenoids increased by ~15%, while when
it was combined with red light, they decreased [73]. What is interesting about the PCA
results is the clear distinction of the light quality that influenced key parameters related
to photosynthetic performance (A, PIABS, and PItotal) and leaf growth (aboveground fresh
weight, leaf length, leaf width). Although the measurement methods differed, parameters
related to final photosynthetic performance (such as A, PIABS, and PItotal) appeared to
increase under the influence of BR- or B-LED. Strong statistically significant correlations
were observed among these parameters (Figures 11 and 12). Izzo et al. [7] also reported that
when cultivating red and green lettuce, the photosynthetic rate was significantly higher
when 100% blue light or a mixture of red and blue light was used than when 100% red light
was used, and the results of stomatal conductance and transpiration were the same. In rasp-
berries, the photosynthesis rate was also highest under B-LED, followed by BR-LED [74].
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In cucumber leaves, the results of PIABS and PItotal were increased more for B- and BR-LED
than for R-LED [52]. In this study, ABS/RC and TRo/RC were increased by R-LED and QD-
LED. This was believed to be due to the photomorphogenic effects of R-LED and QD-LED
influencing leaf length and width. Correlation analysis showed a proportional relationship
of ABS/RC and TRo/RC with leaf length and width (Figures 11 and 12). This was the same
as that in Carpesium triste Maxim, where the results of ABS/RC, TRo/RC, and leaf length
were higher for R-LED than for B-, BR-, and W-LED [49]. Growth parameters related to leaf
shape, which are most important for photosynthesis, were found to be increased under the
influence of R-LED and QD-LED (Figure 12). In a previous study, the leaf area of red and
green lettuce grown under a monochromatic red light was statistically significantly larger
than when grown under various ratios of BR-LED, and the leaf shape index also showed
the highest results in lettuce grown under red light [75]. Tan et al. [76] stated that when
the R/Fr ratio is low, it increases the expansiveness of cell walls within plant cells, leading
to an increase in leaf area and control over leaf orientation towards incident light; they
further suggested that an increase in far-red light reduces the overlapping area between
leaves, optimizing light interception [77]. Through this, far-red light changes the shape of
the plant’s leaves, allowing them to better absorb light energy, and it is believed that this
can affect the increases in ABS/RC and TRo/RC.

5. Conclusions

This study compared and analyzed spectral reflectance, photosynthetic performance,
chlorophyll fluorescence, and growth changes when mini green romaine lettuce was grown
indoors hydroponically under various light conditions. Overall, the results indicate that
the lettuce underwent significant variations depending on the different artificial lighting
conditions under which it was cultivated. The R- and QD-LED treatments were generally
beneficial in promoting increases in growth parameters, significantly enhancing the above-
ground fresh weight of lettuce. Moreover, they expanded the individual leaf size (i.e., leaf
length and width) compared to the other treatments, facilitating easier absorption of exter-
nal light energy. However, the results of most parameters related to spectral reflectance,
photosynthetic performance, and chlorophyll fluorescence indicated poorer outcomes com-
pared to other light treatments, despite the positive effects on external changes due to
lettuce photomorphogenesis. A, PIABS, and PItotal, which are the most important param-
eters in photosynthetic performance and chlorophyll fluorescence parameters, increased
the most under BR-LED, followed by W- and B-LED. In the case of BR-LED, as reported in
many studies, this was believed to be a result of the interaction of blue light and red light,
and the selection of the ratio is important because the results vary. Following BR-LED, the
high photosynthetic performance results under W-LED were attributed to the influence of
low levels of red light and high levels of green light within the light source. B-LED clearly
demonstrated positive effects on various photosynthesis-related parameters associated
with blue light compared to red light. The ratio of blue to red light in BR-LED and QD-LED
was similar, but their outcomes showed opposite trends. This was attributed to the far-red
light contained in QD-LEDs. In summary, the results showed that effective light quality can
vary depending on the purpose of growing crops (external/internal), and that appropriate
mixing through analysis of the characteristics of each light quality can be more positive
than monochromatic light. In addition, in indoor cultivation of lettuce, the increase in
the aboveground fresh weight of lettuce was found to be largely influenced by changes
in photomorphogenesis rather than photosynthetic performance. This means that when
growing indoors using artificial light sources, it is important to improve photosynthetic
performance, but structural changes in crops due to photomorphogenesis depending on
light quality also need to be taken into consideration. These results can be used as basic
data for actual crop growers to select the right quality of artificial light sources.
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