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Abstract: The spectrum of light significantly influences the growth of plants cultivated in closed
systems. Five lettuce cultivars with different leaf colours were grown under white light
(W, 170 µmol m−2 s−1) and under white light with the addition of red (W + R) or blue light (W + B)
(230 µmol m−2 s−1). The plants were grown until they reached the seedling phase (30 days). Each cul-
tivar reacted differently to the light spectrum applied. The red-leaved cultivar exhibited the strongest
plasticity in response to the spectrum. The blue light stimulated the growth of the leaf surface in all
the plants. The red light negatively influenced the length of leaves in the cultivars, but it positively
affected their number in red and dark-green lettuce. It also increased the relative chlorophyll content
and fresh weight gain in the cultivars containing anthocyanins. When the cultivars were grown
under white light, they had longer leaves and higher value of the leaf shape index. The light-green
cultivars had a greater fresh weight. Both the addition of blue and red light significantly increased
the relative chlorophyll content in the dark-green cultivar. The spectrum enhanced with blue light
had positive influence on most of the parameters under analysis in butter lettuce cultivars. These
cultivars were also characterised by the highest absorbance of blue light.

Keywords: LEDs; red light; blue light; light absorption; controlled environment agriculture (CEA)

1. Introduction

Artificial lighting is one of the main parameters of cultivation, which significantly
affects the growth and quality of plants cultivated in closed systems, controlled environ-
ment agriculture (CEA) or vertical farms. Lettuce can be successfully grown in controlled
growing systems due to its relatively short growing period and small size. Currently
light-emitting diodes (LEDs) are used as a source of light in closed systems to use energy
efficiently. One of the main advantages of LEDs is the possibility to place them close
to plants, because they generate low thermal radiation while generating a high flux of
photosynthetically active photons. Apart from that, LEDs are durable, have low operating
costs and it is possible to control the spectral composition of light they generate [1].

The potential of LEDs as effective light sources for indoor horticulture production
has been extensively investigated. Initial experiments on the growth of lettuce under
red LEDs were conducted by Bula et al. [2]. Several experiments showed that blue light
(400–500 nm) combined with red light generated by LEDs affected the morphology, growth,
and photosynthesis of vegetables. Naznin et al. [3] observed that coriander plants cultured
under different ratios of red to blue light from LEDs had higher content of fresh and dry
matter than the plants cultured under 100% red light. A combination of red and blue light
from LEDs proved to effectively stimulate the growth of various plant species, including
lettuce, in controlled environments [4,5]. Schwalb et al. [6] studied the effect of different
ratios of red (660 nm) and blue (435 nm) light from LEDs on the photosynthesis of lettuce
and petunia seedlings grown with and without background broadband high-pressure
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sodium radiation. They observed that the optimum photosynthesis occurred when lettuce
was grown within a red-to-blue ratio of 5:1–15:1. Terashima [7] measured plants’ absorption
of blue and red light from LEDs and found that it amounted to 90%. This means that plant
development and physiology is strongly influenced by blue or red light [8].

Johkan et al. [9] observed that green light from LEDs with high PPF (300 µmol m−2 s−1)
enhanced the growth of lettuce plants. Seedlings grown under green, red, and blue LEDs
grew taller than those grown under red (630 nm) and blue light (470 nm) alone [10].
Moreover, recent studies showed that different wavelengths had synergistic effects on
photosynthesis, although their interaction has not been investigated [11]. Generally, broad-
spectrum LEDs are preferred in horticultural production as they enable better visual
assessment of plants. The growth of crops under these lights is comparable or better
than under monochromatic LEDs [12,13]. In conclusion, it can be said that plants are
characterised by morphological plasticity to changes in the light quality. Therefore, the
optimisation of the light spectrum for photosynthesis, growth and better productivity is
an important goal in advanced plant production systems [14]. Moreover, instead of using
a one-size-fits-all approach, lighting recipes targeting different growth stages should be
determined for different species [15].

The optical properties of leaves are diverse and depend on the pigment composition
and stage of ontogenesis. The leaf pigmentation is important for the spectral properties of
the plant tissue [16]. The amount of solar radiation absorbed by leaves is a function of the
photosynthetic pigment content. Chlorophylls and carotenoids are the main pigments of
green leaves [17]. Purple and red lettuce leaves also contain anthocyanins.

Plants grown in closed systems without sunlight require a proper light spectrum,
which can be selected by analysing the leaf absorption spectrum. Information on the
absorption of radiation and the resulting photosynthetic reactions, as well as changes in
the optical properties of leaves, can be a sensitive indicator of the physiological state of the
plant and can characterise its needs, especially for photosynthetically active radiation [18].

It is known that white light with broad spectrum is optimal for plant growth. However,
the proportion of B/R light is also very important, especially under a low light regime. The
optimal light spectrum depends not only on species and developmental stage, but also
on cultivar. Furthermore, it might be different depending on leaf colour. Therefore, the
objective of this study was to determine how the growth parameters of lettuce seedlings
grown under white light were influenced by additional illumination with blue and red
light. The sensitivity of lettuce with different leaf colours to diverse light spectra was
also determined.

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

Seeds of five lettuce (Lactuca sativa L.) cultivars (Rijk Zwaan) were sown in multipots
(7 × 9 × 5 cm) filled with peat substrate used for the production of vegetable seedlings
(Klasmann-Deilman, Geeste, Germany). Eight plants of each cultivar were grown in each
combination in a growth chamber. The cultivars differed in the colour of leaves (Table 1).

Table 1. The characteristics of lettuce cultivars.

Name of Cultivar Lettuce Type Leaf Colour

Aleppo leafy light-green
Ferrado butter light-green
Prunai oak-leaved red

Quintus Roman dark-green
Skyphos butter green and red

The temperature in the growth chamber was maintained at 22 ◦C until the seeds
emerged. During the growing period the day/night temperature was 18/15 ◦C. The air
humidity was maintained at 65–70%. The photoperiod was 16/8 h (day/night). The plants
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were grown until the seedling phase. The cultivation period after sowing lasted about
30 days. The multipots were placed on drainage mats.

2.2. Treatment of Light

The plants were irradiated with different light spectra: white light (W), white light with
red light (W + R), and white light with blue light (W + B). The red, blue and white light came
from a high-power solid-state lighting module (LED) (SMD type, Seoul Semiconductor,
South Korea). The spectra of individual types of light were determined with a StellarNet
apparatus—see Figure 1. The photosynthetic photon flux density (PPFD) from the top
of the plants amounted to about 170 µmol m−2 s−1 (± 14 SD) for white light (W) and,
additionally, 60 µmol m−2 s−1 (± 8 SD) for blue (B) and red (R) light (the R/B ratios for W,
W + R and W + B lights were 0.87, 2.86, and 0.29, respectively). The PPFD for W + R and
W + B light combinations amounted to about 230 µmol m−2 s−1. The daily light integral
(DLI) was about 9.8 mol m−2 d−1 for white light and about 13.2 mol m−2 d−1 for W + R
and W + B lights. The measurements were made 15 cm under the lamps, more or less at
the height of the plants’ tops. As the plants grew, the lamps were gradually raised to a
higher position.
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Figure 1. The spectral composition of the lamps for white light (W), white light with red light
(W + R) and white light with blue light (W + B). The maxima for each of the lamps are marked on
the spectrum.

2.3. Plant Measurements and Experimental Design
2.3.1. Growth Parameters

Biometric measurements were made at the seedling stage, (18-19 BBCH-scale). The
length and width of leaves (four fully developed leaves collected from each plant), shoot
fresh weight, leaf area of the whole seedling and dry weight of each plant were measured.
Dry weight was calculated by drying the material to a constant weight at 105 ◦C for 24 h.
The leaf rosette area and dry weight [m2 g−1 DM] were used to calculate specific leaf area
(SLA) and leaf shape indices, i.e., the leaf length-to-width ratio.

2.3.2. Content of Chlorophyll

The relative chlorophyll content in the day before harvest was measured with a CCM-
200 plus Chlorophyll Content Meter apparatus (Opti-Sciences, Hudson, NH, USA) on four
randomly selected leaves of each plant.
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2.3.3. Fluorescence

The dark-adapted parameters were used to determine the maximum quantum yield
of PS II (photosystem II): Fv/Fm = (Fm − Fo)/Fm (Fo—the dark adapted initial minimum
fluorescence, Fm—the maximum fluorescence measured during the first saturation pulse
after dark adaption) [19]. The plants’ fluorescence was measured with an OS1p chlorophyll
fluorometer (Opti-Sciences, Hudson, NH, USA). The measurements were made in the dark
after the plants had been kept out of light for at least 30 min. The measurements were
made on a fully grown leaf for each plant.

2.3.4. Light Absorption

Absorbance (A) was calculated from the logarithmic ratio of the intensity of the
incident light (I0) and the intensity transmitted through the leaves (I). The measurements
were made in the morning during the last four days of vegetation using a Miniature Fiber
Optic Spectrometer (StellarNet, Inc., Tampa, FL, USA).

A = log10 (I0/I) (1)

The absorbance results were used to prepare a lettuce leaf light absorption spectrum
for each of the cultivars, depending on the spectral composition of light.

2.4. Statistical Analysis

The research was conducted as a two-factorial experiment in eight replicates as an
independent design. One plant was treated as one replicate. The investigations were
conducted in two cycles (replications after each other). The results were the means of the
two cycles. The data were analysed with ANOVA. Differences between the means were
estimated with the Newman–Keuls test at a significance level α = 0.05. The data were
analysed statistically with the Statistica program (StatSoft, Kraków, Poland).

Principal component analysis (PCA) was applied to find correlations between the
measured parameters and the spectral composition of light. Hierarchical cluster analysis
(HCA) was used to find similarities and differences between the types of lettuce, depending
on the spectral composition of light. The Euclidean distance was used in the HCA. The
distance between similar groups was measured by means of the Ward algorithm. OriginLab
2020 software was used for the PCA, HCA and absorption spectra.

3. Results
3.1. Shoot Fresh and Dry Weight

Individual cultivars differed considerably in their reaction to the spectral composition
of light. The exposure of the Aleppo cultivar to W light resulted in the highest increase
in its shoot fresh weight, which was 35% greater than under W + R light and as much as
100% greater than under W + B light (Figure 2A). The enhancement of the spectrum with R
light caused the highest increase in fresh weight of the Prunei cultivar (270% greater than
under W light and 46% greater than under W + B light). It also resulted in the highest fresh
weight of leaves among all the cultivars under study. W + B light resulted in the highest
increase in shoot fresh weight of the Skyphos cultivar, which was 36% and 45% greater
than under W + R light and W light, respectively. The light spectrum did not cause such
significant differences in fresh weight of other cultivars (e.g., Quintus and Ferrado). There
were similar dependencies observed for dry weight (DW, Figure 2B). Among all cultivars
Prunai presented the highest DW under W + R.
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3.2. Total Leaf (Seedling) Area

The area of seedlings was not correlated with fresh weight. However, the exposure to
W + B light increased leaf area in all lettuce cultivars, except the Aleppo cultivar, where
similar results were obtained for both W and W + B lights (Figure 3A). The exposure to
W + B light resulted in the largest leaf area in the Prunai cultivar. On the other hand, the
exposure to W + R light reduced leaf area in the Aleppo, Prunai and Quintus cultivars.
Only in the Ferrado cultivar leaf area was similar for both W + R and W + B light and
higher than for W light.

3.3. Number, Length and Width of Leaves

The enhancement of the spectrum with R and B lights had a significant effect on
the number of leaves, but there were usually small differences between the combinations
(Figure 3B). The biggest differences were observed in the Prunai and Quintus cultivars
grown under W + R and W lights (55% and 40%) and in the Skyphos cultivar grown under
W and W + B lights compared to W + R light (37%). The largest number of leaves was found
in the Prunai and Quintus cultivars grown under W + R light—11.8 and 12.5, respectively.

W light elongated the leaves in the Prunai and Quintus cultivars (Figure 3C). The
longest leaves were observed in the Prunai cultivar under W light. W + B light resulted
in a similar leaf length in all the cultivars and in the Aleppo and Ferrado cultivars similar
to one under W light. On the other hand, W + R light visibly inhibited leaf elongation.
Leaves of the plants grown under W + R light were 11–36% shorter than those grown under
W + B light and 28–56% shorter than those exposed to W light. The only exception was the
Skyphos cultivar, whose leaves were the longest under W + B light and similar under W
and W + R lights.

W + B and W + R lights increased leaf width in the Prunai, and Skyphos cultivars
(Figure 3D). The biggest differences in leaf width were found for the Prunai cultivar
between W light and the spectrum enhanced with R or B lights.

The highest value of the leaf shape index was observed in the Quintus cultivar under
W light (Figure 3E). Moreover, in the Aleppo and Prunai cultivars the highest value of this
index was noted under W light. The addition of red or blue light to W light significantly
reduced leaf shape index in these cultivars. The smallest differences were found in the
Ferrado cultivar. The Aleppo and Skyphos cultivars under W + B light were characterised
by the same value of this index compared to W light. On the other hand, the addition of
red light reduced the value of the leaf shape index in both cultivars.
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3.4. SPAD, SLA and Fluorescence

The highest relative chlorophyll content (SPAD) was noted for the Quintus cultivar
under W + R and W + B lights (Figure 4A). It was almost twofold higher than under W
light and at least twofold higher than in the other combinations. The enhancement of light
spectrum with B light (W + B light) reduced SPAD value in the Ferrado, Skyphos and
Aleppo cultivars. In the Aleppo cultivar also the addition of R light reduced SPAD value,
as compared with SPAD value under W light.

There were considerable differences in the specific leaf area (SLA), i.e., the ratio of
leaf area to dry weight, depending on the cultivar and the spectral composition of light
(Figure 4B). The lowest SLA value was noted for the Prunai cultivar under W + R light. It
was almost threefold lower than under the other lights. It is noteworthy that this cultivar
in this combination was also characterised by the highest fresh and dry weights. There
were similar dependencies observed for the Quintus cultivar. The highest SLA value was
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obtained also for the Prunai cultivar under W and W + B lights, as well as for the Aleppo
cultivar under W + R light.
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The highest chlorophyll fluorescence was noted for the Aleppo cultivar under W and
W + B lights and for the Prunai cultivar under W + R light (Figure 4C). The Prunai cultivar
exposed to W + R combination was also characterised by the highest fresh weight. This cul-
tivar was also characterised by the lowest chlorophyll fluorescence under W + B light. The
Quintus cultivar had similar fluorescence and fresh weight values in all the combinations.

3.5. Leaf Biometric Parameters vs. Spectral Composition of Light

The PCA showed a positive correlation between the leaf biometric parameters (leaf
width, leaf area, and leaf length) and between the number of leaves, dry weight, and SPAD.
There was a negative correlation between the SPAD and SLA values (Figure 5A).
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The HCA showed similarities and differences between the lettuce cultivars and the
spectral composition of light within the parameters under analysis. The spectral compo-
sitions of light (W, W + R, and W + B) had the strongest influence on the Prunai cultivar,
which was the only one with red leaves. The biometric parameters, as well as the SPAD
and SLA indices of this cultivar, differed depending on the spectral composition of light
(Figure 5A). Prunai was the only cultivar for which three separate groups were distin-
guished (Figure 5B). The plants grown under the W + R light combination were the next
group with similar leaf and growth parameters. The plants grown under the W + B light
combination were the third group with similar leaf and growth parameters. The similarity
of lettuce grown under white light to the plants exposed to the other spectral compositions
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of light was cultivar-dependent. The parameters of the butter lettuce cultivars (Ferrado
and Skyphos) grown under W + B light (Figure 5B, blue group) differed from those of the
plants growing under white and W + R lights (Figure 5B, red group). As far as the other
cultivars (Aleppo, Quintus) are concerned, there was a similarity between the plants grown
under white light and those exposed to W + B light (Figure 5B, blue group).

3.6. Foliar Light Absorption

The analysis of the light absorption spectra as well as the PCA and HCA showed
that individual lettuce cultivars, which differed in the thickness and colour of leaves, had
different preferences for the spectral composition of light.

The highest light absorption intensity was noted in the plants grown under W + R
light, regardless of the cultivar (Figure 6A–E). The butter lettuce cultivars (Ferrado and
Skyphos) differed considerably from the other cultivars in their intensity of individual
wavelengths and preferences for different wavelengths. Both cultivars exhibited very high
wavelength absorbance at 405 nm when exposed to W + R light and no absorbance at
795 nm when exposed to W + B light, as compared with the other lettuce cultivars. In
addition, the wavelength absorbance at 470 nm in both butter lettuce cultivars was higher
or the same as at 422 nm (Figure 6B,C). The other lettuce cultivars did not exhibit such
wavelength absorbance (Figure 6A,D,E). The Ferrado and Skyphos cultivars also differed
from the other lettuce cultivars in the lack of absorbance at 620 nm and higher absorbance
at 606 nm. The Ferrado and Skyphos cultivars did not exhibit noticeable absorbance when
exposed to W + B light. This may have been caused by the lesser preference of these
cultivars for this light spectrum (Figure 6B,C).
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4. Discussion

Light is one of the most important environmental factors influencing plant growth.
Although it is a well-known fact that light intensity may positively influence plant growth, the
effects of light quality are more complex, and the results are usually considerably diversified.

4.1. DLI and Spectrum

The experiment was conducted under two daily light integrals which amounted
to about 9.8 mol m−2 d−1 for white light and about 13.2 mol m−2 d−1 for W + R and
W + B lights. Theoretically, there should greater plant growth parameters at a higher DLI.
However, this dependency was not observed in our study. Some cultivars had the best
parameters under W light, or their parameters were close to those of the plants grown
under W + R or W + B lights. However, it is noteworthy that our experiment was conducted
on plants at an early growth phase, which had lower light requirements.

Chen et al. [20] observed that the plants grown under W light and illuminated with B
or R light were characterised by the highest fresh weight and chlorophyll content. Both
ranges of the light band had a similar effect on these parameters. According to these
authors, differences in the lettuce growth parameters may be influenced either by the total
amount of R and B light photons or by their R/B ratio. In their study the lettuce biomass
was more sensitive to the number of photons. In our research the R/B ratios for W, W + R
and W + B lights were 0.87, 2.86 and 0.29, respectively. The total amount of photons in the
R and B light spectra in the W + R and W + B combinations was respectively the same and
34% greater than for the W light. However, most of the parameters were influenced by the
R/B ratio more than by the total amount of photons.

4.2. Fresh and Dry Weight

Fresh weight of the lettuce depended on both the spectral composition of light and
the cultivar. Each cultivar reacted differently to the light spectrum used. This indicates that
the plant growth responses to the light spectrum are not only species- but also cultivar-
dependent [21,22]. The Aleppo cultivar with light-green and delicate leaves achieved the
highest fresh weight under white light. This means that W light was sufficient for this
cultivar, and its additional enhancement with R light, or especially with B light, inhibited
the fresh weight increase. Interestingly, when the Aleppo cultivar was exposed to W light,
it had the highest relative chlorophyll content (also under W + B light) and the lowest SLA
value. The dark red leaves of the Prunai cultivar achieved the highest fresh weight under
W + R light. Similarly, Johkan et al. [23] observed that R light caused an increase in the
fresh weight of the red-leaved lettuce, but only at the initial growth period. According to
Meng et al. [24], a spectrum with a low ratio of B to R radiation may maximise yield of
red lettuce during production. However, the Skyphos cultivar with red and green leaves
achieved the highest fresh weight under W + B light. The spectrum of light had the smallest
influence on the fresh weight of the Ferrado and Quintus cultivars.

Johakan et al. [22] observed that the red and green lettuce seedlings which initially
had been grown under B light had lower fresh weight than the seedlings grown under R
light, B + R (1:1) and W light. However, after another period of cultivation under sunlight
the plants which had earlier been grown under B and B + R lights had the highest fresh
weight. According to these authors, the increase in the yield of lettuce may be caused by the
high antioxidative activity in seedlings grown under blue LEDs. There were similar results
in a study by Amoozgar et al. [25]. Lin et al. [5] observed that R + B + W light resulted
in a greater fresh weight than R + B and fluorescent light. According to these authors,
R + B + W light may significantly increase the growth of plants due to better penetration
of their surface. Moreover, the R + B + W light spectrum is the closest to the spectrum
of sunlight. However, some authors observed the highest fresh weight of lettuce under
dominant R light [21,26]. These differences in the results show that lettuce exhibits high
plasticity and sensitivity to the applied spectral composition of light.
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A higher DLI usually increases the dry weight of lettuce shoots [27]. However,
our study did not confirm this dependency for the cultivars with delicate, light-green
leaves, where the highest dry weight was observed at a lower DLI (Aleppo) or there
were no differences between the combinations (Skyphos—W = W + R = W + B, Ferrado—
W = W + R).

4.3. Leaf Area (LA)

Most of the cultivars in our study were characterised by a high LA when they were
grown with the spectral enhancement of B light. Earlier studies showed that a higher
share of B light in the spectrum may reduce leaf area [28], especially at low DLI [29].
Wang et al. [30] observed that the lettuce leaf area increased proportionally to the increase
in the R/B ratio. The largest leaf area was noted at R/B = 12 and when the plants were
grown only under R light. On the contrary, in our study the spectrum enhanced with R
light had a negative influence on leaf area in three cultivars. However, in our study the
plants grew under the full spectrum of W light to which B or R light was added. The results
may suggest that other wavelengths also interact with B and R light and affect the leaf
morphology. For example, Zhou et al. [22] noted that the crops grown under W light had a
higher LA than the ones exposed to B and R light in various proportions. Mickens et al. [12]
found that the morphological parameters of lettuce plants grown under W light with both
R and B light added had lower values than those grown under other light combinations
(white light, white and far-red light, red and green light, white and green light). The
research by Dougher and Bugbee [31] showed that lettuce was very sensitive to B light.
Moreover, a later study conducted by these authors [32] showed that a higher share of B
light in the spectrum caused an increase in the lettuce leaf area as a consequence of an
increase in cell expansion and cell division. Clavijo-Herrera et al. [33] observed an increase
in the lettuce leaf area as the share of B light in the spectrum increased. In our study the
smallest influence of blue light on LA was noticed in cultivars with light-green leaves.
On the other hand, earlier studies showed that a higher share of B light in the spectrum
noticeably inhibited the growth and yield of lettuce [21,24,34]. The share of far-red (FR)
in the spectrum is also important. Although the share of R light in the spectrum was
similar, the R/FR proportion in W + R light was very high. Lee et al. [35] found that a
low R/FR ratio stimulated the growth of the fresh weight of lettuce mainly by increasing
the expansion of the leaf surface, as compared with plants grown only under R + B light.
According to Zou et al. [36,37], lettuce is very sensitive to the FR spectrum, which stimulates
the expansion of leaves. It is particularly important for young plants with a limited leaf
area to capture radiation for photosynthesis. A higher leaf area under W + B light in our
study may have been caused by the interaction of B and FR light.

4.4. Number of Leaves and Leaf Shape Index

Many authors stress the fact that R light stimulates an increase in the number of lettuce
leaves [20,30]. Meng et al. [23] also observed the largest number of leaves in the spectrum
without B light. The R/B ratio did not affect the number of lettuce leaves in the study
by Nanzin et el. [38]. In our study the effect of light spectrum on the number of leaves
varied depending on the cultivar. It was the highest under W + R light, for red (Prunai)
and dark-green cultivars (Quintus). Although for some cultivars the spectrum enhanced
with B light strongly influenced the number of leaves.

Generally, at higher light intensity leaves are thicker and have a smaller area [29]. This
dependency was not observed in our study. It was the cultivar and the composition of the
light spectrum rather than the DLI that influenced the morphological traits of the leaves.

Son and Oh [21] found that leaf shape index in the spectrum without B light was
significantly higher than in the other variants containing B light. In our study R light
inhibited leaf shape index in some cultivars. For the most cultivars the highest value
was achieved under W light or both W and W + B light. This may have been caused by
the low R/FR ratio in W and W + B lights, as compared with W + R light. According to
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Lee et al. [35], the share of FR in the spectrum and a low R/FR ratio increase leaf shape
index. In our study the increase in leaf shape index under W light and, for some cultivars,
under W + B light, indicates that the leaf growth was caused by an increase in the leaf
length rather than width.

4.5. SLA, SPAD and Photosynthesis Parameter

SLA characterises the surface absorbing radiation, so it indirectly influences the use
of solar energy reaching the soil, and thus the production of biomass. In many species
SLA level decreases along with leaf size, but this is not a strict rule [39]. In our study
this relation was observed only for the Aleppo cultivar. There was a positive correlation
between leaf area and SLA in the other cultivars but we didn’t find any correlation between
SLA and shoot fresh mass. Some authors [26,40] observed that SLA were significantly
increased by a higher R light fraction in BR light ratios. In our experiment, B light caused
an increase in SLA for some cultivars. Hanyu and Shoji [41] showed that when spinach
was irradiated briefly with blue light, SLA increased significantly. Interestingly, in other
research transplant lettuces grown under 100% R or 100% B light had the highest SLA
compared to another combinations of R and B light [42].

Earlier studies showed that an increase in the share of B light in the spectrum caused
an increase in the chlorophyll concentration in leaves [21,29]. In our study a high share
of B light (39%) had a negative effect on the relative chlorophyll content in the lettuce
leaves, except for the dark-green Quintus cultivar. Such a large amount of B light in
the spectrum and a more than threefold lower share of R light may have reduced the
plants’ chlorophyll biosynthesis capacity. The same effect may have been caused by a
very small amount of B light. Moreover, the share of B light in the other combinations
(17% and 13%) was close to natural sunlight (18%) and this value may have been sufficient
to stimulate chlorophyll biosynthesis in the light-green and red lettuce leaves. Many
authors believe that a 5–12% share of B light in relation to R light is sufficient for proper
chlorophyll biosynthesis [40,43,44]. Nanzin et al. [38] observed that when the share of B
light in the spectrum increased from 9% to 17%, the total chlorophyll content in lettuce
leaves decreased.

In general, a higher share of B light in the spectrum causes an increase in the Fv/Fm
value in lettuce leaves by increasing the efficiency of the photosynthetic apparatus [21,26].
The results of our study did not confirm this relationship, except in the Aleppo cultivar.
Each cultivar achieved the highest Fv/Fm value for a different light combination, although
these results were correlated with the dry matter content in the leaves. The Fv/Fm value
was below the optimal value (0.800). However, it is necessary to remember that the study
was conducted on seedlings, where this value may be lower at this growth stage [26].

4.6. Foliar Absorbance

According to Viršilė et al. [45], the sensitivity of lettuce plants to the light spectrum is
determined by the metabolic plasticity of cultivars. This relationship was confirmed in our
study, where the absorbance of light differed in a cultivar-dependent manner. The highest
light absorbance intensity was observed under W + R light. This finding is consistent with
the results of earlier studies on the role of R light in the cultivation of plants in closed
systems. The cultivars with light-green (Aleppo) and red (Prunai) leaves were characterised
by the lowest absorption of R light. According to Inada [46], light-green leaves have a
weaker peak within the range of R light. Moreover, leaves containing anthocyanins absorb
much less R light [47]. Interestingly, the red-leaved cultivar (Prunai) was characterised by
the greatest variability of the parameters under analysis, which depended on the spectral
composition of light. According to Inada [46], purple leaves differ from green leaves in
their response to a variable spectrum of light. This dependency was also observed in
our study.
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5. Conclusions

Both our study and the research conducted by other authors showed that lettuce plants
exhibited diverse reactions to B and R light, which depended on various factors, including
the composition of the entire light spectrum, the plant development phase, cultivar and
leaf colour. The research results showed that at the initial stage of growth lettuce exhibited
high sensitivity to the light spectrum, and its absorbance largely depended on the colour
and thickness of leaves. It is important to note that plants are influenced not only by a
single wavelength, but also by the entire light spectrum, i.e., the proportions and share
of individual wavelengths and their interaction. As lettuce is characterised by such high
plasticity, it is very important to select the right spectrum. Therefore, W light with a similar
composition to sunlight can be used as the base. Additional illumination with R or B
light can be used in a cultivar-dependent manner in order to achieve specific effects. For
example, if the most important factor in cultivation is fresh weight, then supplementation
with red light is beneficial for red-leaved cultivars, while for cultivars with light-green,
delicate leaves there is no need to use additional light. Similarly, in the case of cultivars
with thick and dark-green or green-red leaves, if the number of leaves is treated as the most
important feature of plants, then it is beneficial to illuminate the dark-green and red plants
with red light.
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