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In urban environments, green areas often lack sunlight during the day and rely on artificial illumination at night,
which reduces their ecological services. Application of LED illumination with specific spectral characteristics
in green areas of megacities could enhance their aesthetic value and safety and optimize the health of urban
vegetation. The effects of monochrome red, blue, and mixed red-blue LED lighting on photosynthetic pigments,
flavonoids, anthocyanins, and tannin accumulation in the leaves of the shaded seedlings of ornamental woods Pinus
sylvestris L., Rhododendron catawbiense Michx., Magnolia x soulangeana Soul.-Bod., Magnolia Kobus DC., and Ginkgo
biloba L. were studied in pot experiments. The species specificity of physiological responses to LED illumination
with a specific spectral composition was established. The contents of photosynthetic pigments and tannins
in the leaves of the heliophytes M. x soulangeana, M. kobus, G. biloba, and P. sylvestris were the most effectively
stimulated by monochrome red LED lighting. While the accumulation of flavonoids in the leaves of the mentioned
test-plants was the highest at red-blue or monochrome blue LED lighting. In the shade-tolerant Rh. catawbiense
the different tendency was observed: the highest levels of photosynthetic pigments in the leaves were observed
in the plants treated with red-blue LED lighting, the highest content of flavonoids was observed in plants treated with
monochrome red. The monochrome blue LED lighting had the highest promoting effect on anthocianin synthesis
in all test-plants. Thus, using five ornamental tree species with different light requirements, it was demonstrated
that supplemental red and blue LED lighting could effectively optimize photosynthesis and secondary metabolism
in urban woody vegetation exposed to light deficiency.
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Introduction

Light provides energy for photosynthesis and regulates
plant growth, development, phenological changes, and
secondary metabolism. For photosynthesis, the most
important spectral range of wavelengths called PAR
(photosynthetically active radiation) is from 400 to
750 nm (Zhen and Bugbee, 2020). Ultraviolet radiation
(280-400 nm), although not included in the PAR range,
has a significant effect on plant development and
biochemical features (Li and Kubota, 2009).

Urban vegetation is suffering from inadequate light
quality due to shading by buildings, scattering of
sunlight by smog particles, as well as by nighttime
artificial light pollution. These conditions could
disrupt basic physiological processes such as
photosynthesis, respiration, leaf and reproductive
organ morphogenesis, photoperiodic reactions, and
phenological phases (Petrushkevych and Korshykov,
2020). This is driving researchers to look for ways to
improve urban lighting conditions, taking into account
the needs of plant species used for landscaping.

The positive effect of the LED illumination on
the vitality of plants exposed to low natural sunlight
has been confirmed by many studies (Li et al., 2016;
Talib et al., 2020; Qiao et al.,, 2025; Zhang et al,,
2025). It was also found that the negative impact
of nighttime lighting can be significantly minimized
by regulating its spectral composition (Friulla and
Varone, 2025). Despite this, only limited studies
have examined the physiological and molecular
mechanisms underlying these phenomena (Sena et
al., 2024). In addition, the majority of works focus on
the processes related to photosynthetic productivity,
food and medicinal value of the test-plants, while
the influence of the LED illumination on signaling
pathways and defense mechanism have been given
little attention (Li and Kubota, 2009; Trivellini et al.,
2023; Sena et al,, 2024). The available information
on the effects of LED spectra on the secondary
metabolism of higher plants is insufficient and
contradictory (Sena et al., 2024). The lack of such
knowledge limits the application of LED technologies
in the urban out-door and in-door greening, vertical
farming etc. On the other hand, it is known that
the use of artificial light in cities is increasing by
6% annually, with LED lamps replacing HPS lamps
due to their greater environmental safety and lower
operating costs (Friulla and Varone, 2025). This
provides additional opportunities to optimize the vital
state of urban vegetation through appropriate LED
spectral design.

Plants possess an array of photoreceptors, such as and
phytochromes, cryptochromes (CRYs), UVRESISTANCE
LOCUS8 (UVR8), and phototropins (PHOTs), which
are activated by a certain light spectrum and regulate
growth reactions as well as phytochemical profiles
(Wei et al, 2023; Zhu et al, 2025). CRYs regulate
photomorphogenesis, photoperiodic flowering,
and circadian rhythm (Wei et al., 2023). PHOTs are
mediating phototropism, chloroplast movement,
stomatal opening, and leaf expansion (Wei et al,
2023). Phytochromes regulate the synthesis of
photosynthetic pigments, growth and development,
including the induction of seed germination, seedling
de-etiolation, flowering time, fruit quality, root
elongation, and tolerance to biotic and abiotic stressors
(Demotes-Mainard et al., 2016; Wei et al., 2023).

The effects of LED lamps with different spectral
characteristics on the performance of higher plants
is actively discussed in the scientific literature.
The most studied in this regard are red (600-700 nm)
and blue (400-500 nm) spectral LED lamps, which
are recognized as the most effective in stimulating
photosynthesis, growth, and development, as well as
the synthesis of protective antioxidants (Wei et al,
2023; Zhu et al,, 2025). In recent years, the focus has
shifted to other parts of the spectrum, in particular,
more attention is being paid to far-red (700 to 750 nm)
illumination (Zhen and Bugbee, 2020). The role of green
(500-600 nm) and ultraviolet (280-400 nm) lighting
is also being reconsidered (Li and Kubota, 2009; Smith
et al, 2017; Lee et al,, 2021). In particular, ultraviolet
radiation (280-400 nm) has a significant effect on
plant morphology and biochemistry. In moderate
doses, it can stimulate the synthesis of carotenoids,
flavonoids, anthocyanins, and other phenolic secondary
metabolites that perform protective functions in plants.
However, excessive UV-light can damage DNA and
inhibit photosynthesis (Li and Kubota, 2009; Lee et al,,
2021).

Numerous experimental data indicate that each
plant species has its own unique requirements for
the spectral composition of light (Hew et al., 2024). For
example, blue light has been shown to enhance phenolic
biosynthesis in Matricaria chamomilla (Maham et
al, 2025), phenolic and flavonoid concentrations
in Ocimum basilicum (Jokic et al., 2025), amino acids,
organic acids, fatty acids, and flavonoid glycosides
in Oryza sativa (Jung et al, 2013). While red light
favors flavonoids in Matricaria chamomilla (Maham et
al,, 2025), accumulation of rosmarinic acid in Anethum
graveolens (Goswami et al., 2023); accumulation of
carbohydrates in Kaempferia parviflora (Wei et al,
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2024). The mechanisms underlying these species
specificity of plant responses to light spectra are
still unexplored. Primary and secondary metabolic
reactions to the light treatments also differ, with each
phytochemical being stimulated by a specific light
spectrum (Alrajhi et al., 2023).

Despite contemporary advances in studying the effects
of LED spectra on physiological processes in plants,
no comprehensive understanding has been achieved
of how LED spectra regulate secondary metabolism
and other processes involved in adaptation to
environmental stresses. Knowledge gaps remain
regarding species-specific responses to different light
spectra. Elucidation of the aforementioned aspects
will be instrumental in selecting resilient ornamentals
for urban conditions and in optimizing green spaces
in smart city planning.

The objective of our study was to evaluate the effect of
different LED spectra on the photosynthetic pigments
and secondary metabolism of five ornamental woody
species (Pinus sylvestris, Rhododendron catawbiense,
Magnolia x soulangeana, Magnolia kobus, Ginkgo
biloba), which are gaining popularity in modern green
landscaping in Ukraine and other European countries.

Material and Methodology

Plant material and experimental design

Three-year-old seedlings of ornamental woody species
Pinus sylvestris, Rhododendron catawbiense, Magnolia x
soulangeana, Magnolia kobus, and Ginkgo biloba,
grown in the nursery greenhouse of the M.M. Gryshko
National Botanical Garden of the National Academy of
Sciences of Ukraine (Kyiv), were used in the study.

Forty uniform seedlings of each species were divided
into four groups (10 plants per group) and placed
in Plexiglas growth chambers (2 x 1.5 x 1.5 m) equipped
with LED lighting. The following light treatments were
applied (Table 1):

1. direct sunlight;

2. shading (chambers covered with a4 mm polyvinyl
chloride (PVC) sheet);

3. shading + blue LED;

4. shading + red LED;

5. shading + combined red and blue LED (4 : 1).

Light intensity was measured using an LI-250A light
meter (LI-COR, USA) equipped with a PAR sensor. Plants
were grown at 24-26 °C and 60-70% soil moisture (of
total field capacity) for 21 days. The experiment was
conducted in four replicates.

Sample preparation

Leaves and needles were randomly collected from
the middle part of the seedlings and cut into small
pieces. Fresh material was used to determine
the content of photosynthetic pigments, flavonoids,
and anthocyanins. For tannin analysis, leaves were
air-dried in the shade at room temperature to constant
weight.

Determination of photosynthetic pigments

The content of photosynthetic pigments (chlorophylls
and carotenoids was extracted with DMCO (dimethyl
sulfoxide) for 4 hours in a thermostat at a temperature
of 70 °C (Hiscox and Israelstam, 1979). Quantitative
content was determined according to Wellburn (1994)
using a spectrophotometer SPECORD 200 (Analytik
Jena). Measurements were performed at wavelengths
of 644 nm (chlorophyll b), 662 nm (chlorophyll a), and
440 nm (carotenoids).

Determination of flavonoids

Flavonoids were extracted with 70% ethanol from
freshly harvested and crushed leaves for 24 hours
in a refrigerator. The quantitative content of flavonoids
was determined using a qualitative reaction with a 2%
AlCI, solution in 98% ethanol at a wavelength of 410 nm
with a spectrophotometer (SPECORD 200, Analytik
Jena), using quercetin as a standard (Pavliuchenko et
al,, 2021).

Table 1 Description of lighting treatments
Lighting type Wavelength (nm) Luminous flux (umol-m?2-s?) Lamp model
Direct sunlight 380-780 1,000-2,000 abscent
Shading 380-780 50-100 abscent
Red-blue (4 : 1) LED lamp 640-660 450-500 192 T8-2835-1,2 FRB Ledmax
Red LED lamp 640-660 122 T8SL-08R G13 Ledmax
Blue LED lamp 450-500 122 Tgizggiim
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Determination of anthocyanins

Anthocyanins were extracted with 96% ethyl alcohol
with 1% hydrochloric acid from freshly harvested
and crushed leaves. The quantitative content
was determined at a wavelength of 546 nm using
a spectrophotometer SPECORD 200 (Analytik Jena)
(Pavliuchenko et al., 2021).

Determination of tannins

Air-died foliar samples were extracted with boiling
distilled water, and then infused in a water bath for
an hour. The quantitative content was determined by
titration with 0.1% potassium permanganate solution
of a mixture of the filtered extract with indigo carmine
(Mardar and Serdyuk 2008).

Statistical analysis

Data were analyzed using parametric statistical
methods at a 95% confidence level. Results are
presented as mean * standard error (SE). Differences
between treatments were evaluated using one-way
ANOVA followed by Tukey’s post hoc test at p <0.05.

Results and Discussion

The type of lighting significantly affected the content
and ratio of photosynthetic pigments in the leaves
or needles of the studied test-plants (Table 2).
Shading caused a significant decrease in the content
of chlorophyll a, the ratios of chlorophyll a/b and
chlorophyll a + b/carotenoids. At the same time,
the content of chlorophyll b and carotenoids increased,

Table 2. The effect of lighting spectral characteristics on the content of photosynthetic pigments in the leaves or needles of

woody ornamentals

Testplant  Photosynthetic pigments Direct Shading
sunlight control red blue red-blue (4:1)
chlorophyll a 2.28 £0.09° 1.79 £0.10° 1.88 £0.07* 0.39 £0.06¢ 1.37 £0.08¢
é § chlorophyll b 0.61+£0.04° 0.83 £0.02° 0.87 £0.04° 0.13 +£0.03¢ 0.31 £0.03¢
é g carotenoids 0.24 +0.01° 0.37 +0.02° 0.39 +0.02° 0.06 £0.01¢ 0.19 +0.02°
§ E chla/chlb 3.71 2.15 2.15 3.01 4.39
(chla+chlb)/carotenoids 12.05 7.05 7.05 8.6 8.89
2 chlorophyll a 2.45+0.11° 2.2+0.082 2.35£0.05° 0.74 +0.10° 1.11 £0.04°
E chlorophyll b 1.22 £0.032 1.23 £0.022 1.31 £0.022 0.39 +0.02° 0.48 £0.03°
% carotenoids 0.46 £0.02° 0.47 £0.01° 0.5 +0.01° 0.2 £0.02° 0.25 £0.01°
§ chla/chlb 2.01 1.79 1.79 1.88 2.31
= (chla+chlb)/carotenoids 8.01 7.32 7.32 5.71 6.34
- chlorophyll a 2.08 +£0.12° 1.02 £0.13° 2.04 +0.11° 2.16 £0.10° 3.59 £0.11°¢
~§ % chlorophyll b 0.47 £0.03* 0.5 £0.04° 0.46 +0.05° 0.48 £0.04* 0.68 £0.02°
E :‘é carotenoids 0.24 +0.02° 0.25 +0.02° 0.24 +0.02° 0.26 £0.01° 0.39 £0.02°
§: § chla/chlb 4.44 2.05 4.44 4.53 5.29
(chla+chlb)/carotenoids 10.49 6.12 10.49 10.06 10.87
S chlorophyll a 2.27 £0.15° 1.28 +0.12° 3.23 £0.13¢ 2.43 +0.13* 2.72 £0.15°
§ chlorophyll b 0.49 +0.04* 0.51 +£0.05° 0.7 £0.04° 0.45 +0.04* 0.55 +0.03?
E carotenoids 0.22 £0.02° 0.24 +0.01° 0.31 +0.01° 0.21 £0.02° 0.24 £0.01°
E chla/chlb 4.61 2.52 4.61 5.42 491
= (chla+chlb)/carotenoids 12.58 7.62 12.58 13.65 13.52
“ chlorophyll a 1.33 £0.092 0.78 +0.10° 1.9 £0.09¢ 1.14 £0.112 1.46 +0.08°
% chlorophyll b 0.37 £0.03* 0.38 £0.02° 0.44 +0.02° 0.31 £0.02° 0.23 £0.03°
% carotenoids 0.21 +0.01° 0.28 +0.01° 0.32 +0.01° 0.19 £0.01° 0.2 £0.01?
é chla/chlb 3.61 2.05 431 3.66 6.41
= (chla+chlb)/carotenoids 8.24 4.17 7.26 7.69 8.63

Notes: mean * standard error; different letters indicate values, which reliably differed from one another within one line of the table according to

the results of comparison using the Tukey test
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a typical response of the photosynthetic system to
shading (Mohd Yusof et al., 2021).

Monochrome red LED light stimulated the synthesis
of photosynthetic pigments (chlorophylls a, b, and
carotenoids) in the leaves of all investigated woody
plant seedlings (Table 2). Red light spectrum is known
to be best absorbed by chlorophyll a and b, providing
energy for photosynthesis. The predominance of
this spectrum is a signal of exposure to sunlight and
activates phytochromes, which trigger the expression
of genes responsible for chloroplast development
(Trivellini et al., 2023).

Monochrome blue LED light stimulated the synthesis
of chlorophylls a and b to a lesser extent than red
in the leaves of heliophytes G. biloba and P, sylvestris and
inhibited chlorophyll a, chlorophyll b, and carotenoids
accumulation in the leaves of M. x soulangeana
and Magnolia kobus. While for the shade-tolerant
Rh. catawbiense, blue LED light had the maximum
promoting effect on foliar photosynthetic pigments.

The combination of red and blue (4 : 1) LED lighting
significantly reduced the negative effect of blue lighting
on the content of photosynthetic pigments in the leaves
of M. kobus and M. x soulangeana and synergistically
enhanced the stimulating effect of monochrome
LED light on the content of photosynthetic pigments
in the leaves of Rh. catawbiense. This type of lighting also
enhanced the chla/bratiointheleavesofall test-plantsto
the greatest extent. This indicated the induction of light-
acclimation processes from the “shadow” to the “light"
phenotype in the studied ornamental seedlings under
additional red-blue LED illumination. The relative

increase in the number of reaction centers (chl a) leads
to an increase in assimilation and growth. At the same
time, a certain species-specificity of morphogenetic
changes in response to additional red-blue lighting was
observed. In particular, in M. kobus, Rh. catawbiense and
G. biloba, the leaf blade area increased (Figure 1, A-C),
while in M. x soulangeana, the leaf blade area slightly
decreased. In P sylvestris, red-blue LED lighting increased
the thickness and stiffness of the needles, although their
length was lower (Figure 1 D).

The application of LED lighting increased the ratio (chl
a + chl b)/carotenoids, indicating improved seedling
health and mitigation of light stress. The red-blue
LED spectrum most effectively reduced this ratio
in M. x soulangeana, P. sylvestris, and Rh. catawbiense.
While monochrome red and blue LED light spectra
demonstrated the highest effectiveness in increasing
thisratio in M. kobus, G. biloba, respectively. Carotenoids
are auxiliary pigments of the photosynthetic apparatus
that expand the absorption spectrum of chlorophylls
in the blue region of the spectrum (380-450 nm)
and transfer the energy of the excited state to
chlorophyll. Carotenoids also protect chlorophyll from
photooxidation and destruction by oxygen radicals
(Hashimoto et al., 2015). Shaded tree seedlings, due
to additional illumination with red, blue, and red-blue
light, used energy more efficiently for photosynthesis,
rather than for self-protection. This confirms that
the selected LED lamp intensity is comfortable
and productive for the studied tree seedlings. Our
results confirm the high efficacy of red-blue lighting
in stimulating of photosynthetic function (Park and
Runkle, 2018).
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Figure1  The effect of red-blue LED light on the size and color of leaves of Magnolia kobus (A), Magnolia x soulangeana (B);

Ginkgo biloba (C) and needles of Pinus sylvestris (D)

1 - shading without LED lighting, 2 - shading with the red-blue LED lighting
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The positive effect of supplementary red and blue
LED lighting on the photosynthesis, growth, and
developmentofvariousplantspeciesexposedtosunlight
deficient conditions, such as a greenhouse during
winter periods or the vertical multi-tier hydroponic
system, was demonstrated by other authors (Li et al,,
2016; Naznin et al., 2019; Talib et al., 2020; Malabadi et
al,, 2024; Qiao et al., 2025). Comparison of the results
of different authors show that supplementary red LED
light was efficient in stimulating leaf area, stem length,
biomass, root indices, foliar chlorophyll content, net
photosynthesis rate, quantum yield of PSII, electron
transfer rate (Li etal.,, 2016; Talib et al., 2020; Qiao et al.
2025). Supplementary blue LED lighting was beneficial
to the test-plant’'s stem diameter, leaf thickness, and
antioxidant capacity (Lu et al,, 2012; Li et al,, 2016;
Hooks et al., 2022). In our research, a similar trend
was observed for heliophytic woody ornamentals
growing in shaded conditions. While the shade tolerant
Rh. catawbiense demonstrated the maximum growth
and photosynthetic activity when exposed to combined
red and blue supplemental LED lighting.

Shadingof seedlings of woody ornamentals significantly
suppressed the accumulation of the total flavonoids,
although it stimulated the synthesis of anthocyanins
in the leaves of test plants (Tables 3-4). Light intensity

is recognized as a key factor regulating flavonoid
synthesis, especially in heliophytes (Idris et al., 2018;
Qin et al,, 2024; Zhu et al,, 2025). It is established that
light quality and photoperiods can indirectly regulate
the expression of flavonoid-regulated genes and thus
control flavonoid accumulation through modulation of
cryptochromes (Jaakola, 2013). Some heliophytes like
Ginkgo biloba and Erigeron breviscapus, demonstrate
linear positive correlation of flavonoid accumulation
withlightintensity (Idrisetal., 2018). While others, such
as Lithocarpus litseifolius (Hance) Chun. (Fagaceae),
and Piper aduncum L. produce maximum flavonoids
at about 40 and 50%, shading, respectively, and fewer
flavonoids at higher shading or 100% irradiance (Idris
etal, 2018).

Anthocyanins are plant secondary metabolites
belonging to the flavonoid family and are characterized
by high antioxidant capacity, as they contain multiple
phenol hydroxyl groups that are strong hydrogen and
electron donors (Li and Ahammed, 2023). In various
plantspecies, the intensification of freeradical reactions
under light deficiency promotes the transcription of
anthocyanin-related genes and, ultimately, anthocyanin
synthesis, thereby contributing to plant adaptation to
stress conditions (Guo et al.,, 2022; Shen et al,, 2023;
Zhu et al., 2025).

Table 3 The effect of LED lighting with different spectral characteristics on the total content of flavonoids (mg-g* FW)
in the leaves of the woody ornamental seedlings
Lighting conditions Magnolia x Magnolia kobus  Rhododendron Ginkgo biloba  Pinus sylvestris
soulangeana catawbiense
Direct sunlight 14.4 +0.2° 15.6 £0.1° 14.5 +0.22 14.1 +0.2° 6.0 £0.12
Shading 11.1 +£0.2° 9.4 +0.1° 10.0 +0.1° 8.5 £0.2° 4.7 +0.2°
Shading+ red LED 3.0£0.1¢ 4.6 +0.2¢ 26.1 +£0.2¢ 10.5 +0.1° 2.4 +0.2¢
Shading+ blue LED 4.6 £0.1°¢ 5.3 +0.2¢ 19.9 +0.2¢ 9.3+0.2° 2.7 £0.2¢
Shading+ red and blue LED 9.46 +0.3" 7.26 £0.2¢ 15.56 +0.1? 8.66 +0.2° 2.7 £0.1¢

Notes: Different letters indicate values, which reliably differed from one another within one line of the table according to the results of comparison

using the Tukey test

Table 4 The effect of LED lighting with different spectral characteristics on the content of anthocyanins (mg-kg! FW)
in the leaves of seedlings of woody ornamentals
Lighting conditions Magnolia x Magnolia Rhododen-dron Ginkgo biloba Pinus sylvestris
soulan-geana kobus catawbiense

Direct sunlight 0.16 £0.032 0.13 £0.032 0.81 £0.042 n.4 n.4
Shading 0.22 £0.032 0.84 +0.02° 1.14 £0.05° 0.07 £0.03* 0.10 £0.032
Shading+ red LED 0.18 £0.022 0.42 £0.03¢ 0.42 £0.03¢ n.4, 0.12 £0.03
Shading+ blue LED 1.54 +0.01° 1.13 £0.03¢ 1.86 +0.03¢ 0.14 £0.03* 0.45 +0.03*
Shading+ red and blue LED 1.11 +£0.02° 1.04 +0.02¢ 0.44 £0.04¢ n.4 0.13 £0.03

Notes: Different letters indicate values, which reliably differed from one another within one line of the table according to the results of comparison
using the Tukey test; *n.d. means not detected by the method used
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The application of LED lighting significantly affected
the synthesis of these secondary metabolites. At
the same time, a significant dependence was observed
on both the LED spectral characteristics and the test
plant species. For example, monochrome red and blue
LED light stimulated flavonoid synthesis in the leaves
of Rh. catawbiense and G. biloba, but significantly
suppressed this process in M. kobus, M. x soulangeana,
and P. sylvestris. Combining the blue and the red
spectra mitigated the negative effect of the latter on
the flavonoid content in the magnolia leaves and pine
needles, but also reduced the stimulating effect of
monochrome lighting on the synthesis of flavonoids
in the leaves of Rh. catawbiense and G. biloba.

Flavonoids perform multiple functions in plants, such
as protection from abiotic and biotic stresses (i.e.
UV-radiation, drought, toxic metals, phytopathogens),
signaling, regulators of growth and development,
allelochemicals, detoxifying agents and pollinator
attractants (Idris et al.,, 2018). A decrease in their
content at shading indicates a decrease in the general
adaptive capacity of the test-plants. By manipulating
theintensity and spectral composition of supplemental
LED lighting, it is possible to significantly optimize
the synthesis of these secondary metabolites
in plants. In particular, Orlando et al. (2022) showed
that the total flavonoid content in Crocus sativus L.
tepals was significantly enhanced under supplemental
LED lighting comprising 50% red, 18% green, and
38% blue. Blue light, via the cryptochromes and
phototropins, was proven to drive the synthesis of
total phenolics and flavonoids in Lactuca sativa L.,
Ocimum basilicum L., Lycopersicon esculentum Mill
and anthocyanins in Fragaria x ananassa Duchesne
(Paradiso, & Proietti, 2022). The supplemental white
and red-blue spectrum increased total flavonoids
and other polyphenols synthesis in Curcuma longa L.
(Marchant et al.,, 2022). Supplemental red and blue
light treatments increased, antioxidant capacity and

concentrations of anthocyanins, carotenoids, and
total phenolics in Lactuca sativa cv. ‘Red Mist’ (Hooks
et al., 2022). Zhu et al. (2025) studied the effects of
various light spectra, ranging from ultraviolet-B to
red, on the accumulation of anthocyanins and other
phenolics in Lactuca sativa cv. Red Salad Bowl and
Rouxai. and found that low-intensity UVB light was
the most effective at promoting anthocyanins and
total phenolics synthesis, followed by blue light.
In another study on red leaf lettuce, it was shown
that anthocyanin content increased with increasing
the blue-to-red ratio in the light spectra (Shoji et al,,
2010).

In our study, the most effective in stimulating
anthocyanin synthesis in the leaves of the tested
woody ornamentals was monochrome blue LED
light. While a monochrome red LED light, as a rule,
reduced the content of anthocyanins in the leaves of
angiosperm seedlings. The combination of red and blue
spectra significantly stimulated anthocyanin synthesis
in the leaves of M. x soulangeana and M. kobus, but
reduced this indicator in Rh. catawbiense. A similar
trend was found by other authors who studied
the effects of monochrome red and blue LED light on
other plant species.

Shading suppressed the synthesis of tannins
in the leaves of heliophytes M. x soulangeana, M. kobus,
G. biloba, and P, sylvestris (Table 5). While in the shade-
tolerant Rh. catawbiense, the content of tannins
in the leaves of the shaded test-plants exceeded this
parameter observed in plants growing under direct
sunlight. A similar tendency was observed by other
authors, investigating the effect of the light intensity
on tannin accumulation in plants. In particular,
it was shown that shading negatively affected
the concentration of condensed tannins in the leaves
of ericaceous grasses (Hofland-Zijlstra and Berendse
et al.,, 2009), Lotus corniculatus (Arcioni et al., 2005),
Larix gmelinii (Yan et al, 2014). Several distinct

Table 5 Effect of LED lighting with different spectral characteristics on the content of tannins (mg-kg! DW) in the leaves

of woody ornamentals

. o Magnolia x Magnolia Rhododen-dron  Ginkgo biloba Pinus sylvestris
Lighting conditions .
soulan-geana kobus catawbien-se

Direct sunlight 26.1 £0.1* 17.0 £0.2° 25.3+0.03® 10.4 £0.2° 5.4 +0.2°
Shading 13.9+0.3° 12.1+0.2° 28.3£0.2° 8.8+0.1° 5.1 £0.22
Shading+ red LED 28.4 +£0.22 30.6 £0.2¢ 15.9 £0.1¢ 9.9 £0.22 10.4 +0.3°
Shading+ blue LED 9.6 £0.1° 7.9 £0.2¢ 11.9 +0.3¢ 5.3+0.2¢ 5.7 £0.17
Shading+ red and blue LED 29.8 £0.22 31.0 £0.1¢ 27.6 £0.1° 9.4 +0.32 10.3 +0.3°

Notes: Different letters indicate values, which reliably differed from one another within one line of the table according to the results of comparison

using the Tukey test
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mechanisms of tannin biosynthesis were revealed,
one of which found in the above-ground organs is light
quality-mediated (Hassanpour et al., 2011).

Application of LED lighting significantly affected
the intensity of tannin synthesis in the leaves of
the studied test plants. At the same time, red and
red-blue LED light stimulated the synthesis of tannins
in the leaves of heliophytes, while for the shade-
tolerant Rh. catawbiense the opposite trend was
observed. The synthesis of tannins in the leaves of
M. x soulangeana, M. kobus and P. sylvestris was most
effectively stimulated by red-blue LED light, and
in the leaves of G. biloba by monochrome red LED light.

The positive effect of supplemental red and blue LED
lighting on tannin biosynthesis has been demonstrated
in a number of studies. In particular, Marchant et al.
(2022) demonstrated that supplemental white and red-
blue LED lighting significantly increased total tannin
contentin Curcuma longa. Benincasa et al. (2020) found
an increase in tannin contents in Triticum monococcum
L. by blue LED lighting. In Triticum turgidum L., red
LED lighting increased the total content of tannins
and flavonoids. Nowruzi et al. (2025) revealed that
supplemental red and blue light increased total
phenolics, flavonoids, and tannins in Fischerella sp,
with red light having the greatest effect.

Tannins are well-known protective secondary
metabolites, involved in plant tolerance to abiotic and
biotic stressors due to their high potential antioxidant
effects (Yan et al, 2014; Igbal, and Poo6r 2025)
Therefore, stimulation of the accumulation of these
compounds in the leaves of seedlings by red and red-
blue LED lighting indicates an increase in the systemic
resistance of the studied woody ornamentals (Igbal
and Poér 2025). This is especially relevant for plants at
risk of damage from phytopathogens (Igbal and Poér
2025).

Thus, our results confirmed the strong potential of
the application of LED light spectra as an effective
tool for optimizing photosynthetic function and
secondary metabolism in plants. At the same time,
combined spectra based on the ratios of red, blue,
and photosynthetically active radiation were more
effective in maintaining normal photosynthetic
processes and a high level of protective antioxidants
than monochrome LED light. Similar statements are
also made by other authors. In particular, Goswami et
al. (2023) showed that the combination of red and blue
LED lights in aratio of 50R : 50B was optimal for growth
responses, photosynthetic performance, specialized
metabolites synthesis (viz. myristicin (phenylpropene),

psi-limonene, a-phellandrene, and chlorogenic
acid), and nutritional quality in Anethum graveolens.
Combined application of red, green, and blue light
was shown to be the most efficient in promoting
the synthesis of photosynthetic pigments and
formation of new roots in Kaempferia parviflora, while
combined application of red and blue was the most
effective in stimulating shoot growth, carbohydrate,
and protein synthesis (Hew et al., 2024). Combined
red and blue lights resulted in the maximum glandular
trichome density and promoted the growth and
synthesis of major specialized metabolites in Mentha
spicata L. (Chatterjee et al, 2025). The combined
application of red and blue light in the ratio 3R : 1B
was the most effective in enhancing photosynthesis,
growth, and the accumulation of alkaloids such as
indigo and indirubin, nucleosides (uridine, guanosine,
and adenosine), and sugars in Isatis tinctoria L.
While amino acids and organic acids synthesis were
stimulated by 1R : 3B (Zhang et al., 2025).

Conclusions

Our results confirmed the positive effect of
the supplemental red and blue LED lighting on
photosynthesis and secondary metabolism of
seedlings of woody ornamentals of M. x soulangeana,
M. kobus, G. biloba, Rh. catawbiense and P. sylvestris
grown under shading conditions. The heliophytes
M. x soulangeana, M. kobus, G. biloba and P. sylvestris
demonstrated the highest photosynthetic pigments
and tannin content when exposed to supplemental
red LED lighting, while synthesis of flavonoids
and anthocyanins were the most effectively
stimulated by blue or red-blue LED lighting.
Shade-tolerant Rh. catawbiense had the highest
content of photosynthetic pigments when exposed
to supplemental red-blue LED lighting. While
the synthesis of protective antioxidants such as
flavonoids and anthocyanins, was stimulated by
monochrome red and blue LED lighting, respectively.
To conclude, the supplemental LED lighting withred and
blue spectra could effectively be used for optimization
of photosynthesis and secondary metabolism in urban
trees suffering from natural light deficiency.
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