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Light quality is a key environmental factor regulating plant growth, development,
and metabolic activity, particularly under controlled in vitro conditions. The wide-
spread use of light-emitting diode (LED) systems enables precise modulation of
spectral composition, and provides new opportunities for regulating photomorpho-
genesis and biosynthetic processes in plant tissue cultures. This study investigated
the effects of monochromatic LED irradiation with different spectral composi-
tions — red (RL, 660 nm), green (GL, 525 nm), and blue (BL, 470 nm) — on
morphogenetic responses and metabolic activity in the callus culture of Pisum
sativum L. Callus cultures of the pea of Macenat variety at the 2nd—3rd subcul-
ture passages were used. Photoactivation was performed using Korobov-modified
LED matrices with defined spectral characteristics, while control cultures were
maintained in darkness. The effects of selective light irradiation on callus growth,
morphogenesis, and the accumulation of primary and secondary metabolites were
evaluated. Monochromatic LED irradiation induced spectrum-specific responses in
pea callus tissues. Red light stimulated active cell proliferation, increased the
growth index, and promoted the formation of morphogenetic structures. Blue light
was the most effective inducer of morphogenesis, enhancing callus cell differenti-
ation and protein accumulation. Green light had little effect on callus growth and
morphogenesis but caused pronounced changes in metabolic activity, particularly
in carbohydrate and flavonoid accumulation. Overall, the results demonstrate that
selective monochromatic light differentially modulates photomorphogenic path-
ways and biosynthetic processes in P. sativum callus culture, highlighting the poten-
tial of light spectrum manipulation as a tool for regulating morphogenesis and
metabolic profiles in plant in vitro systems.

Key words: Pisum sativum L., in vitro culture, monochromatic LED light, calluso-
genesis, morphogenesis, soluble carbohydrates, proteins, phenols, flavonoids.

One of the most important environmental factors determining plant
growth, development and metabolism is light irradiation. Light not only
performs an energetic function, ensuring the process of photosynthesis, but
also acts as a universal regulatory signal that coordinates the photomor-
phogenesis programme [1], regulates the expression of genes associated
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with growth [2], tissue differentiation [3] and the biosynthesis of primary
and secondary metabolites [4]. The ability of plants to perceive various
characteristics of light signals (intensity, direction, photoperiod, spectral
composition etc.) is provided by a complex of specialised photosensory sys-
tems — photoreceptors [5], which include phytochromes [6], cryp-
tochromes [7], phototropins [8], F-box proteins ZTL/FKF1/LKP2 [9] and
the ultraviolet B receptor — the UVR8 protein [10].

The spectral composition of light significantly affects the processes of
photomorphogenesis. Previous studies have shown that phytochromes,
receptors of red and far-red light, control growth processes, flowering, pho-
toperiodic regulation, and reactions to shading [11, 12]. Cryptochromes
and phototropins, receptors of blue light, are involved in the regulation of
phototropism, leaf formation, chloroplast development, and circadian
rhythm regulation [7, 8]. At present, green light photoreceptors have not
been identified, but its effect on photomorphogenic and biosynthetic reac-
tions in plants is being actively studied [13]. The combination of light from
different spectral ranges provides a subtle mechanism for regulating plant
development, allowing targeted control of the morphogenesis and bio-
chemical profile of plant tissues [1, 14].

The widespread introduction of light-emitting diode (LED) light
sources in in vitro studies has made it possible to modulate the spectral
characteristics of light with high precision, which has significantly expand-
ed the potential for controlling photomorphogenesis and regeneration
processes in in vitro tissue culture [15]. It has been proven that the light
regime is one of the key factors determining the ability to form callus [16],
the rate of cell proliferation [17], and their differentiation [18]. It has been
established that different light spectra can initiate various pathways of plant
cell development in vitro through the regulation of phytohormonal balance
and the expression of transcription factors associated with regenera-
tion [19].

Callus culture, as a mass of undifferentiated plant cells, retains a num-
ber of properties of the original plant organism, but at the same time
acquires new properties that are formed in vitro, making it a valuable exper-
imental model for studying the mechanisms of cell differentiation, mor-
phogenesis induction, and regulation of metabolite biosynthesis. It is wide-
ly used in plant physiology research, as well as for the industrial production
of biologically active substances with pharmacological and antioxidant
effects [19, 20]. It has been proven that the dynamics of accumulation of
secondary metabolites, such as phenolic compounds, flavonoids, antho-
cyanins, and alkaloids, in response to irradiation with light of different
spectra depends on the species and even the variety of plants [1, 21]. For
example, combined red-blue light enhances the production of biologically
active compounds in the callus of Gynura procumbens [22] and Camellia
japonica [23], while green light enhances antioxidant activity and phenolic
metabolism in Vitis davidii grape callus [24], demonstrating the multicom-
ponent nature of light regulation. Along with modifying metabolism, the
light spectrum also determines the morphogenetic response of plant tissues.
Red light typically stimulates cell proliferation and callus biomass increase,
whereas blue light may cause partial differentiation or growth retardation
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[17, 25]. This indicates that the photomorphogenetic and metabolic path-
ways of tissue development in vitro are closely integrated through the light
perception system and depend on the plant species.

Pea (Pisum sativum L.) is one of the important legumes in global agri-
culture and is valuable as a source of food protein, amino acids, vitamins,
and biologically active substances, including flavonoids, saponins, and phe-
nolic acids [26]. Pea tissue culture can be considered a promising platform
for the biotechnological production of secondary metabolites and the study
of regulatory mechanisms of morphogenesis. In addition, pea tissue culture
is actively used in breeding programmes [27], but the issue of using pea cal-
lus culture in the biotechnology industry as a source of protein remains
unresolved [28, 29]. However, unlike many other crops, the effect of selec-
tive light on photomorphogenesis and biosynthetic activity of Pisum
sativum L. callus has not been sufficiently studied.

Thus, studying the effect of light of different spectral composition on
the growth and morphophysiological properties of pea callus is relevant
both from the point of view of fundamental biology and practical plant
biotechnology. Understanding the mechanisms of light regulation can pro-
vide an opportunity to optimise in vitro cultivation technologies aimed at
increasing crop productivity and obtaining plant materials with a high con-
tent of valuable metabolites.

Based on the above, the aim of our work was to study the effect of
monochromatic red, blue and green light on the morphogenesis and meta-
bolic activity of Pisum sativum L. callus culture.

Materials and methods

The callus culture of Pisum sativum L. of the Macenat variety was used,
which is included in the State Register of Plant Varieties of Ukraine (2020).
Seeds were provided by employees of the Yuriev Plant Production Institute
of NAAS (Kharkiv, Ukraine).

Obtaining callus culture and conditions for photoactivation with selective
light. Primary callus was obtained by inducing callus formation from sterile
seeds. Surface sterilisation was carried out according to the standard proto-
col: preliminary washing in a detergent solution, followed by treatment with
70 % ethanol (1 min) and 15 % potassium hypochlorite solution (15 min).
To induce callus formation, seeds were cultured on Murashige and Skoog
(MS) nutrient medium with a standard rate of macro- and microelements,
vitamins and glycine [30], modified by the addition of synthetic auxin
2,4-dichlorophenoxyacetic acid (2,4-D) at a concentration of 10 mg/L to
activate the process of primary callus formation.

Callus cultures were cultivated in a TSO-80 MICROmed thermostat
(Ukraine) at a constant temperature of 26 °C in darkness for 4 weeks.
Further subcultivation was carried out on MS medium with a reduced con-
centration of 2,4-D (5 mg/L). To study the effect of photoirradiation,
mature callus cultures of the 2nd—3rd passages were used, which ensured
the reproducibility of growth and morphogenetic characteristics.

Irradiation was carried out using Korobov-modified LED matrices
«Barva-Flex/FM» of various spectral modifications at intensity of 120
mW/m2 [31]. According to approximate spectral distributions, this corre-
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sponds to PPFD as  94—132 mol/(m2 · s) depending on the peak wave-
length. Callus cultures were irradiated with monochromatic light of differ-
ent wavelengths: red ( = 660±10 nm), green ( = 525±10 nm) and blue
( = 470±10 nm). Control samples were cultivated without irradiation.
Photoinduction was carried out daily for 30 min in a light-tight box for 7
days, after which the cultures were additionally incubated in a thermostat
for three weeks to synchronise metabolic processes (Fig. 1).

Evaluation of morphogenetic and biosynthetic reactions. After comple-
tion of cultivation, a comprehensive analysis of morphogenetic and meta-
bolic parameters was performed, in particular:

 morphological characteristics of calli (colour, homo/heterogeneity,
presence of morphogenic structures);

 the frequency of morphogenesis, assessed as the ratio of calluses that
formed morphogenetic structures to the total number of calli (in percent);

 growth dynamics, assessed by the growth index (GI), which was
determined as the ratio of the callus area after cultivation (S2) to the ini-
tial area (S1). The callus area was determined using ImageJ 1.52k software;

GI = (S2 / S1)  100 %;
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Fig. 1. Scheme of the study of the effect of selective light on morphogenetic and biosyn-
thetic reactions in callus culture of Pisum sativum L. variety Macenat: A — pea seedlings on
MS nutrient medium with the addition of 10 mg/L 2,4-D (a — altered seedling); B — pri-
mary callus on cotyledons and from germs (b); C — mature callus on MS nutrient medium
with the addition of 5 mg/L 2,4-D; D — formation of morphogenic structures on experi-
mental calluses after irradiation (d)



 biosynthetic activity, which included determining the content of sol-
uble carbohydrates, soluble proteins, total phenolic compounds, and
flavonoids.

Biochemical analysis methods. The soluble carbohydrates content was
determined using a photocolorimetric micro method with potassium ferri-
cyanide [32]. Soluble carbohydrates were extracted using 80 % ethyl alco-
hol. The amount of monosaccharides was determined by reaction with
potassium ferrocyanide in an alkaline medium under heating using a
Photoelectric Photometer KFK-2MP ( = 670 nm). To determine the
total carbohydrates, part of the extract was subjected to acid hydrolysis fol-
lowed by repeated measurement. The amount of carbohydrates was deter-
mined using a calibration curve constructed for glucose (Sigma-Aldrich,
Germany) according to the formula:

А = (c  k) / m, where

c — soluble carbohydrates concentration in the test solution according to
the calibration curve, mg/mL;
k — dilution coefficient;
m — sample weight, g.

The amount of oligosaccharides was determined by the difference
between the total carbohydrate and monosaccharide content.

The content of water-soluble proteins was determined by the Bradford
method using the Coomassie Brilliant Blue G-250 dye [33]. Extraction was
performed with a phosphate-salt buffer (pH 7.4). The optical density was
determined by the photocolorimetric method ( = 595 nm). The amount
of protein was determined using a calibration curve constructed according
to albumin standards (Chimlaborreaktiv LLC, Ukraine) using the formula:

A = (c  V) / (V1  m),  where

c — protein concentration in the test solution according to the calibration
curve, mg/mL;
V — total volume of the extract, mL;
V1 — volume of the extract taken for analysis, mL;
m — sample weight, g.

The content of total phenolic compounds was determined after triple
extraction with 80 % ethanol using Folin-Ciocalteu reagent and sodium
bicarbonate by a photocolorimetric method ( = 760 nm). The amount of
phenols was determined using a calibration curve constructed according to
pyrocatechin standards (Chimlaborreaktiv LLC, Ukraine) [34].

The flavonoid content was determined in the same extracts by reac-
tion with aluminium chloride. The calculation was performed using the
calibration curve for quercetin (Chimlaborreaktiv LLC, Ukraine) by the
photocolorimetric method ( = 510 nm) [35].

The content of phenols and flavonoids was determined using the for-
mula:

А = (c  k) / m, where

c — concentration in the test solution according to the calibration curve,
mg/mL;
k — dilution factor;
m — sample weight, g.
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Statistical analysis. Statistical analysis of the obtained data was per-
formed using Microsoft Excel 2019 and Statistica 5.0 software. The signif-
icance of differences between variants was assessed using The Mann-
Whitney U test. The results of the study were visualised by constructing
graphical dependencies of growth and metabolic indices on the spectral
composition of lighting using Microsoft Excel 2019 software. The Figures
show the mean value and standard error of the mean (x±SE).

Results and discussion

A strongly expressed relation was established between the spectral compo-
sition of light irradiation and the growth activity of callus tissue of Pisum
sativum L. of the Mecenat variety. The observed changes in the growth
index (GI) confirm that certain ranges of monochromatic light have a spe-
cific regulatory effect on the processes of callus cell proliferation and bio-
mass accumulation in vitro (Fig. 2).

In particular, red light (660 nm) provided the highest growth index
values — 154.2 % compared to the control value of 129.6 %. This indicates
intense stimulation of cell division, which may be associated with the acti-
vation of phytochrome-dependent mechanisms of proliferation regulation
and metabolic support of growth processes. Similar effects have been
described for callus cultures of other species, in particular Withania som-
nifera and Cymbidium, where red light promoted both the induction and
increase in callus tissue mass [15, 17].

Blue light (470 nm) had a moderate effect: the increase in callus tis-
sue did not exceed the control values (130.7 %). This allows us to inter-
pret its action as maintaining basic metabolic processes without significant
activation of proliferation. It is known that blue light activates cryp-
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Fig. 2. Callusogenesis and morphogenesis processes in in vitro pea culture under photoirra-
diation with monochromatic light of different spectra RL 660 nm, GL 525 nm, BL 470 nm):
a — growth index (GI) of mature callus culture after 4 weeks of cultivation under photoin-
duction of RL, GL, BL; b — frequency of morphogenesis of mature callus culture during 4
weeks of cultivation under photoinduction of RL, GL, BL (x±SE, n = 20; * — the diffe-
rence with the control is significant at p  0.05)

a b



tochromes and phototropins, stabilising the photosynthetic and regenera-
tive functions of tissues [36].

Unlike the two previous spectra, the green spectrum (525 nm) caused
inhibition of growth reactions compared to the control (105.9 %). Low GI
values may be associated with the weak effectiveness of this light in acti-
vating photosensory systems or with inhibitory signals that suppress regu-
latory growth cascades. This may be associated with the ability of green
light to deactivate cryptochromes, accompanied by a decrease in growth
processes [37, 38].

At the same time, irradiation with monochromatic light contributed to
the appearance of morphological structures in the studied callus cultures.
In the control variant, the frequency of morphogenesis reached 6.6 %,
which was the minimum level of differentiation in the absence of the stim-
ulating effect of photoirradiation. Under the influence of red light, the fre-
quency of morphogenesis increased to 23.5 %, which indicates its signifi-
cant activation. Obviously, such morphogenetic changes are mediated by
phytochromes, which, when irradiated with red light, turn to an active
form and induce the expression of genes involved in light-dependent devel-
opment [37]. The most intense morphogenetic changes were observed
under blue light (470 nm), where the proportion of morphogenic structures
reached 33.2 %. This indicates active cell differentiation and induction of
organogenic primordia, consistent with the known effects of the blue spec-
trum aimed at activating cryptochrome-mediated signalling cascades and
stabilising HY5, which regulate the transcription of key morphogenetic
genes [3, 39]. Green light irradiation had the lowest efficiency in trigger-
ing morphogenesis — 11.1 %. Thus, blue and red light were the most active
in stimulating callus tissue morphogenesis. The green spectrum provided
only partial morphogenetic activity, while darkness caused inhibition of
differentiation processes. The results confirm the important role of blue
and red spectrum photoreceptors in regulating morphogenesis in vitro in
Pisum sativum L. culture.

Irradiation with selective light not only promoted the appearance of
morphogenetic elements, but also led to changes in the appearance of the
calli studied (Table). In the control variant (without irradiation), the calli
had a pale yellow colour with dark brown inclusions and were characterised
by medium density. Under the action of red and blue light, the calli
acquired a brown colour with dark elements, maintaining medium density,
while under the action of green light irradiation, the calli retained a pale
yellow colour, as in the control variant. The absence of pronounced mor-
phogenic structures, the amorphous gel-forming consistency of the tissue,
and the low level of differentiation indicate an inhibitory or neutral effect
of this spectrum. According to the literature, green light is capable of
inducing a ‘shadow’ state of photomorphogenesis and weakening cryp-
tochrome-mediated signals, which is confirmed by the results obtained [36,
40].

It is known that photoactivation of photoreceptor systems in callus tis-
sues contributes to changes not only in growth and morphogenesis, but also
affects biosynthetic activity, in particular the content of water-soluble car-
bohydrates, proteins, and phenolic compounds [14, 22—24].
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The total soluble carbohydrates content in the control calli reached
99.7 mg/g of fresh weight (FW), of which 42.9 mg/g were monosaccha-
rides. Irradiation with selective light contributed to an increase in the con-
tent of soluble carbohydrates, both monosaccharides and oligosaccharides.
The highest content of soluble carbohydrates was found in calli irradiated
with green light — 14.7 % more than in the control (Fig. 3). This is prob-
ably due to the accumulation of reserve carbohydrates in response to the
low rate of growth and morphogenetic processes. This trend is consistent
with morphological observations and reduced growth rates in this group
(Fig. 2, Table). Under the action of red light, a slight increase in the con-
tent of soluble carbohydrates was also noted — by 5.9 % compared to the
control. Irradiation with blue light led to a 7.6 % decrease in the content
of carbohydrates, both mono- and oligosaccharides, which may be associ-
ated with an increase in the rate of biosynthetic processes and, conse-
quently, energy expenditure due to morphogenesis.
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Morphological characteristics of callus culture in vitro under the action of selective light of different 
spectra: RL 660 nm, GL 525 nm, BL 470 nm 

Cultivation 
conditions 

Density Heterogeneity Colour Appearance 

Darkness 
(without 
irradiation) 

Medium 
density, 
watered 

Heterogeneous, with 
new callus elements 

Pale yellow with 
dark brown 
elements 

 

RL 660 nm Dense, 
compact 

Heterogeneous, with 
morphogenic structures 

Brown with dark 
elements 

 

GL 525 nm 
Medium 
density, 
watered 

Heterogeneous, with 
new callus elements 

Pale yellow with 
dark elements 

 

BL 470 nm Dense, 
compact 

Heterogeneous, with 
morphogenic structures 

Brown with dark 
elements 

 

 



At the same time, the ratio of monosaccharides to oligosaccharides
remains almost unchanged under the action of selective light, which may
indicate the presence of mechanisms that maintain a relatively stable bal-
ance between the synthesis, breakdown and transport of carbohydrates in
the test plants (Fig. 3, d). Only under the action of red light a slight shift
in the ratio towards monosaccharides was observed.

Irradiation with selective light also affected the soluble protein con-
tent in the studied calli. In the control calli, the soluble protein content
was 10.9 mg/g (FW). Irradiation with blue light contributed to a twofold
increase in this index (Fig. 4). This is consistent with the morphogenesis
rate (Fig. 2) and the increased demand for protein synthesis during the for-
mation of organogenic structures. An increase in protein content under the
influence of blue light has also been described for calli of other species, in
particular Lactuca sativa [41]. A similar reaction was observed when calli
were irradiated with green light — an increase in soluble protein content
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Fig. 3. Soluble carbohydrates content in pea calluses of the Macenat variety under the influ-
ence of selective light of different spectra (RL, GL and BL): a — total amount of soluble
carbohydrates, b — monosaccharide content, c — oligosaccharide content, d — monosac-
charide/oligosaccharide ratio (x±SE, n = 20; * — the difference with the control is signif-
icant at p  0.05)

a b

c d



by 60 %, which allows us to assume the involvement of cryptochrome-
dependent signalling pathways in the response of plants to green light.

Selective light exposure also causes changes in the C/N ratio, i.e. the
ratio of soluble carbohydrates to soluble proteins (Fig. 4, b). Under red
light, there is a balance shift towards soluble carbohydrates, indicating the
predominance of carbohydrate synthesis over protein biosynthesis and the
active accumulation of energy resources, which may be associated with
meeting the energy and structural needs of cell division without significant
synthesis of specialised proteins necessary for morphogenesis. Under blue
light, on the contrary, the C/N ratio decreases compared to the control,
which may indicate the active use of soluble carbohydrates in biosynthetic
processes associated with morphogenesis.
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Fig. 4. Content of water-soluble proteins (a) and C/N ratio (b) in pea callus culture of the
Macenat variety under the influence of selective light of different spectra (RL, GL and BL)
(x±SE, n = 20; * — the difference with the control is significant at p  0.05)

Fig. 5. Phenolic balance in pea callus culture of the Macenat variety under the influence of
selective light of different spectra (RL, GL and BL): a — phenols content, g/g FW, b —
flavonoids content, g/g FW, c — phenols/flavonoid ratio (x±SE, n = 20; * — the differ-
ence with the control is significant at p  0.05)

a b

a b c



Irradiation with selective light also affected the secondary metabolites
content. The phenolic compounds content decreased under all irradiation
treatments compared to the control (Fig. 5). The most significant decrease
in total phenols was recorded under red and blue light irradiation — by
20 % and 23 %, respectively, which may indicate their use in differentia-
tion processes or a decrease in oxidative stress under conditions of
increased biosynthetic activity.

The highest flavonoid content was observed in calli irradiated with
green light — 14.9 g/g (FW) — 10.3 % higher than the control, which
may indicate the activation of enzymatic pathways of secondary metabo-
lism. It is likely that the green spectrum induces metabolic restructuring
that is not accompanied by the formation of organogenic structures.

Under the action of selective light of all studied spectra, a decrease in
the phenols/flavonoids ratio was observed, especially under the action of
green light. It has been proven that flavonoids act as endogenous negative
regulators of auxin transport in the model plant Arabidopsis, which allows
us to assume a connection between the increased flavonoid content in the
experimental calli and the reduced growth index under green light irradia-
tion compared to the control (Fig. 2) [42].

In summary, it can be stated that monochromatic LED irradiation of
different spectral composition has a significant modulating effect on the
photomorphogenesis and metabolic profile of Pisum sativum L. callus cul-
ture (Fig. 6).

Red light mainly stimulates callus growth and cell proliferation, ensur-
ing intensive growth of callus tissue without significantly enhancing mor-
phogenesis processes, while blue light is the most effective inducer of mor-
phogenesis processes, promoting callus cell differentiation and the
formation of morphogenic structures, accompanied by the activation of
protein metabolism and a metabolic shift towards the use of energy
resources in biosynthetic processes. At the same time, green light does not
provide callus growth or morphogenesis, but causes pronounced metabolic
changes in the studied calli, manifested by the accumulation of carbohy-
drates and flavonoids. Spectrum-specific changes in the ratio of soluble
carbohydrates to soluble proteins (C/N) reflect the integral response of cal-
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Fig. 6. Assessment of the effect of photoirradiation with monochromatic light of different
spectra (RL 660 nm, GL 525 nm, BL 470 nm) on the studied parameters on the thermal
map (the colour shows the direction and intensity of changes compared to the control)



lus culture to light signals and can be considered as a generalised index of
the direction of its development in vitro. Thus, Pisum sativum L. callus cul-
ture demonstrates high sensitivity to the quality of light environment, and
is a promising model system for studying the mechanisms of light regula-
tion of growth, morphogenesis, and metabolic activity of plant tissues in
vitro.
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ВПЛИВ СЕЛЕКТИВНОГО СВІТЛА НА МОРФОГЕНЕТИЧНІ ТА
БІОСИНТЕТИЧНІ РЕАКЦІЇ В КАЛУСНІЙ КУЛЬТУРІ PISUM SATIVUM L.

О.О. Авксентьєва, Є.Д. Батуєва, М.Г. Ганзенко, О.Г. Куцик

Харківський національний університет імені В.Н. Каразіна
61022, Харків, Майдан Свободи, 4
e-mail: avksentyeva@karazin.ua

Якість світла є ключовим чинником навколишнього середовища, який регулює ріст,
розвиток і метаболічну активність рослин, особливо в контрольованих умовах in vitro.
Широке використання світлодіодних (LED) систем дає змогу модулювати
спектральний склад і надає нові можливості для регулювання фотоморфогенезу та
біосинтетичних процесів у культурі рослинних тканин. У цьому дослідженні вивчали
вплив монохроматичного світлодіодного опромінення з різним спектральним
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складом — червоним (ЧС, 660 нм), зеленим (ЗС, 525 нм) і синім (СС, 470 нм) — на
морфогенетичні реакції та метаболічну активність у калюсній культурі Pisum sativum L.
Використовували калюсні культури гороху посівного сорту Меценат 2—3-го пасажу.
Фотоактивацію проводили з використанням модифікованих світлодіодних матриць
Коробова з визначеними спектральними характеристиками, тоді як контрольні
культури утримували в темряві. Оцінено вплив селективного світлового опромінення
на ріст калюсу, морфогенез та накопичення первинних і вторинних метаболітів.
Монохроматичне світлодіодне опромінення індукувало спектроспецифічні реакції в
тканинах калюсу гороху. Червоне світло стимулювало активну проліферацію клітин,
збільшувало індекс росту й сприяло формуванню морфогенетичних структур. Синє
світло було найефективнішим індуктором морфогенезу, посилюючи диференціацію
клітин калюсу та накопичення білка. Зелене світло мало впливало на ріст калюсу й
морфогенез, проте спричинювало виражені зміни метаболічної активності, зокрема
накопичення вуглеводів і флавоноїдів. Загалом, результати демонструють, що
селективне монохроматичне світло диференційовано модулює фотоморфогенетичні
шляхи і біосинтетичні процеси в культурі калюсу P. sativum, що підкреслює потенціал
маніпуляції світловим спектром як інструментом для регулювання морфогенезу та
метаболічних профілів у рослинних системах in vitro.

Ключові слова: Pisum sativum L., культура in vitro, монохроматичне LED світло,
калюсогенез, морфогенез, розчинні вуглеводи, білки, феноли, флавоноїди.
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