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Abstract: Tea plants (Camellia sinensis L.) are considered to be economically important agricultural crops. The
drink (tea) obtained from them is widely used all over the world, and its functional activity is determined by
the content and composition of polyphenols, the accumulation of which is regulated by various environmental
factors, including light. The purpose of the research was to study the morphophysiological characteristics,
accumulation of carbohydrates and various polyphenols, including their monomeric (phenylpropanoids,
flavanols) and oligomeric (proanthocyanidins) forms, in tea callus cultures grown under the influence of light
of various intensities (50, 75 and 100 pumol'm2s?). The content of malondialdehyde and photosynthetic
pigments (chlorophyll 2 and b) was also analyzed. A significant similarity has been established in the growth
dynamics of callus cultures, the accumulation of pigments, carbohydrates and various polyphenols in them,
including their monomeric (phenylpropanoids, flavanols) and oligomeric (proanthocyanidins) forms, when
grown under conditions of lower light exposure (50 and 75 pmol-m2-s), which is not typical for calli grown at
higher values (100 pmol-m?2s). The greatest accumulation of flavanol compounds characteristic of tea,
including their polymeric forms — proanthocyanidins, was observed at the final stages of callus growth (40
days) at the highest light intensity (100 pumol'm2-s?). The content of phenylpropanoids (biogenetically early
compounds of phenolic nature) was high in the middle of the passage (20-30 days), which was more
pronounced in cultures grown at low light levels (50 and 75 umol'm-2s). The content of malondialdehyde in
all variants of tea callus cultures was maximum and almost equal at the beginning of light exposure, and
subsequently decreased. Perhaps this type of the response is due to the accumulation of phenolic antioxidants
in them and the adaptation of the culture to the active factor. In conclusion, it should be noted that for the first
time, there have been carried out studies on the response of tea plant cells to the action of light of varying
intensities, including the accumulation of monomeric and oligomeric forms of polyphenols. The results
presented in the article may be the basis for further research to assess the balance of polyphenols and elucidate
the polymerization process in tea cells, the mechanism of which is still not clear.

Keywords: Camellia sinensis; callus cultures; morphology; carbohydrates; phenolic compounds;
flavanols; stress

1. Introduction

The tea plant (Camellia sinensis L.) belongs to economically important horticultural crops,
growing in tropical and subtropical latitudes [1]. The product obtained from it (tea) is one of the most
consumed functional drinks throughout the world. It has both nutritional and medicinal effects due
to its organoleptic properties (taste, flavour) and the presence of biologically active compounds [2].

The tea plant metabolome is represented by many compounds of both primary and secondary
metabolism. These are various amino acids (including L-theanine, characteristic of this crop),
carbohydrates and lipids (linoleic and linolenic acids), as well as pigments (chlorophylls and
carotenoids), vitamins (A, C, E, K and B), resinous substances and organic acids [3-5]. Secondary
metabolites in tea plants are represented by alkaloids of the purine group (theophylline, theobromine
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and caffeine), as well as various polyphenols (PCs) [1,5,6]. The PCs content in young tea shoots can
reach 30% of dry weight [3]. Their main components are flavanols such as (+)-catechin, (-)-epicatechin,
(-)-gallocatechin, (-)-gallocatechin gallate, (-)-epigallocatechin, (-)-epicatechin gallate and (-)-
epigallocatechin gallate [3,5]. Tea plants are also characterized by the formation of simple PCs,
represented by gallic, p-coumaric and caffeic acids, as well as their derivatives — theogallin and
chlorogenic acid [6].

PCs are one of the most common secondary compounds, formed in almost all plant cells, the
number of which exceeds 10,000 [7,8]. They are present in plants mainly as monomeric substances
and are represented by hydroxybenzoic acids, phenylpropanoids and flavonoids [9]. In addition, PCs
oligomers are also formed in plants — proanthocyanidins and lignans, which are derivatives of
flavanols (catechins) and phenylpropanoids (coniferyl alcohol), respectively [8]. We should not forget
about the phenolic polymer lignin, an important component of plant cell walls [10].

PCs regulate the growth and development of plants, participate in the modulation of
phytohormonal signaling, are attractants, and also protect cells from the action of reactive oxygen
species (ROS), the amount of which increases under stress [7,8,11]. The protective function of these
specialized metabolites is due to the ability to directly interact with free radicals, as well as modulate
the signaling cascade caused by their action [8,12]. There is numerous data on the antioxidant activity
of various PCs, as well as on an increase in their accumulation in plants under stress conditions
[7,8,11].

It should also be emphasized that the antioxidant properties of plant PCs are preserved even
when they enter the human body with food [2,13]. There is evidence that the consumption of
flavonoids in effective amounts reduces the risk of pathogenesis caused by oxidative stress and
chronic inflammatory processes [14]. They are promising in the treatment of diseases associated with
obesity, as well as in the fight against infectious and viral diseases, including COVID-19 [8,15]. The
significant role of PCs for the prevention of cardiovascular diseases, atherosclerosis, diabetes
mellitus, and cancer has been noted [1,13]. All this confirms the need to study these representatives
of specialized metabolism, search for producing plants, as well as factors regulating their formation.

One of the most important regulators of plant growth and development, as well as their
metabolism, is light [16,17]. It is necessary for photosynthesis, the formation of energy sources (ATP)
and reducing agents (NADPH:), and the regulation of metabolic processes. The important role of
light in such key physiological processes as seed germination, photosynthesis, phototropism,
opening/closing of stomata, circadian rhythms, flowering induction and others has been noted
[17-19].

When exposed to light, the macro- and microelement composition of plants changes,
carbohydrate and nitrogen metabolism is stimulated, the functioning of the antioxidant system is
activated, including the accumulation of PCs — some of their effective bioantioxidants [9,17,20]. At
the same time, the intensity and duration of the light exposure, as well as its spectral composition,
are important [16]. It was reported that its high intensity activated the genes of antioxidant protection
of cells and initiated the biosynthesis of biologically active compounds and antioxidants, including
flavonoids — effective protectors of plants [20]. At the same time, the accumulation of flavonol
glycosides in tea plants was more dependent on the intensity of light exposure compared with the
accumulation of catechins [21]. The effect of red, blue, green light, as well as UV-B rays on the content
of various PCs in in vivo and in vitro plant cells has also been reported [17,22].

It should be emphasized that under natural growing conditions, plants are exposed to white
light with photosynthetically active wavelengths in the range of 380-750 nm [21]. Consequently, they
have mechanisms for reducing its potentially destructive (photoinhibitory) effect, including through
the accumulation of PCs. It was reported that light promoted the expression of genes for key enzymes
of phenolic metabolism — L-phenylalanine ammonia-lyase, 4-coumarate-CoA ligase and chalcone
synthase [23]. There was a synergism between the activity of genes associated with gallic acid
biosynthesis and the photosynthetic ability of C. sinensis cells under high light conditions. It was
found that the increase in the amount of (-)-epigallocatechin gallate is due not only to an enhance in
the content of its precursors, but also to up-regulation of the CsSCPL gene, responsible for the activity
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of the SCPL enzyme (serine carboxypeptidase-like acetyltransferase), involved in the process of
galloylation of flavan-3-ols [24]. All this indicates the possibility of directed light regulation of the
accumulation of various PCs in plants.

Today, the possibilities for the replenishable use of phytocenoses as sources of
pharmacologically valuable metabolites are limited [25]. There are also environmental restrictions on
the use of plants producing PCs due to the impact of technogenic factors on them. All this necessitated
the use of other technological approaches in obtaining plant raw materials. These include
biotechnological methods that provide continuous, cost-effective production for the food,
pharmaceutical, and nutraceutical industries [26]. And in this case, the culture of plant cells and
tissues can be considered as the main platform for the production of secondary metabolites, including
PCs [27]. It is characterized by the following advantages: growth in controlled conditions; absence of
restrictions in the action of seasonal, climatic and geographical factors; preservation of the ability to
form metabolites characteristic of intact plants and the possibility of modulating their biosynthesis
by different exogenous influences. The accumulation of various specialized metabolites, such as
picrosides, phenylpropanoids (rosmarinic, caffeic and chicoric acid) and flavonoids (rutin,
isoquercetin, cyanidin, peonidin), was noted for various in vitro plant cultures [28,29]. Tea calli also
retained the ability to accumulate PCs, including flavanols, which are characteristic of the original
explants [30]. Interest in these metabolites is due to their P-vitamin capillary-strengthening activity.
The main representatives of the tea phenolic complex are (+)-catechin and (-)-epicatechin, as well as
oligomers of phenolic nature — proanthocyanidins, mainly procyanidin B1 [31].

Consequently, tea callus cultures represent the unique object for studying the effect of various
exogenous factors on the monomeric and oligomeric PCs accumulation.

In this study, for the first time the influence of different intensity and duration of light exposure
on in vitro cultures of C. sinensis was studied. For this purpose, researches were carried out on the
morphophysiological characteristics, accumulation of carbohydrates, various polyphenols, including
their monomeric (phenylpropanoids, flavanols) and oligomeric (proanthocyanidins) forms, the
content of malondialdehyde and photosynthetic pigments (chlorophyll a and b) during the
cultivation period. According to the data obtained, using different intensity and duration of light
exposure, it is possible to regulate the productivity of tea plant cells in relation to the accumulation
of primary (carbohydrates) and secondary (various PCs) metabolites.

2. Materials and Methods

2.1. Plant Material and General Growth Conditions

The object of the study was callus cultures grown in vitro, obtained from the stem of young
shoots of a tea plant (Camellia sinensis L., Georgian variety). For their growth, Heller's nutrient
medium [32] containing 2,4-dichlorophenoxyacetic acid (5 mg L), glucose (25 g L) and agar [Bacto
Agar Typ USA, Ferak, Berlin, Germany] (7 g L) was used [30]. Calli were grown in a growth cabinet
at the IPP RAS at +26 °C, relative air humidity 70%, in the dark.

During the experiment, tea calluses were placed in sterile Petri dishes (Medpolymer, Russia)
containing 30 ml of growth medium with the same composition. Six calluses were placed in each cup,
the weight of each was 150-180 mg. Cultures were grown in the growth cabinet at 16/8 h photoperiod
and different light intensity: 50 umol-m2-s, 75 pmol'm2-s 1 100 pmol-m2-s (L1, L2 and L3 variants,
respectively) (Figure S1). To do this, the racks located at different distances from Philips TL-D 58
W/33-640 fluorescent white lamps (Bielsko-Biala, Poland) were used. The light intensity was
controlled by LI-190R Quantum Sensor (LI-COR, Lincoln, Nebraska, USA).

The subcultivation duration was 40 days. Sampling was carried out every 10 days (the 10th, 20th,
30th and 40th days of culture growth). The material for biochemical studies was fixed with liquid
nitrogen and stored at -70 °C until determinations were carried out.

2.2. Determination of Morphological Parameters of Tea Callus Cultures
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The morphology of tea callus cultures grown at different light intensities was assessed according
to the following criteria: color, density, and the presence of pigments [33]. Lateral sections of calluses
were viewed on a SteReo LumarV12 stereoscopic microscope (Carl Zeiss, Jena, Germany). Photos
were taken using a Nikon COOLPIX P600 camera (Tokyo, Japan).

2.3. Determination of Tea Callus Culture Growth

The growth of callus tissue was assessed by the change in fresh weight over the study period
and expressed as a percentage [34]. To do this, the callus weight was determined at the beginning
and at the end of subcultivation (sampling periods for analysis).

2.4. Determination of the Water Content in Tea Callus Cultures

To determine the water content, the calluses (150 mg fresh weight (FW) each) were dried (BD-
115 thermostat, Binder, Tuttlingen, Germany) to a constant weight (+70 °C, 48 h). The water content
was determined by the difference between its FW and dry weight (DW) and expressed as a
percentage of the water content in the callus [35].

2.5. Determination of the Soluble Carbohydrates Content in Tea Callus Cultures

To extract soluble carbohydrates, tea callus samples frozen in liquid nitrogen (50 mg FW each)
were homogenized in mortar and pestle with 96% ethanol [36]. After heating the homogenate at +70
°C in the dark for 1 hour, the supernatant liquid was separated (12,000 g, 5 min) and used for
spectrophotometric determination of the total soluble carbohydrates content by reaction with phenol
and sulfuric acid [37]. The carbohydrates content was expressed in mg sucrose equivalents (SE) per
gram of DW (mg SE-g' DW) using a four-point calibration curve of the sucrose standard (Acros
Organics, Geel, Belgium).

2.6. Extraction of Phenolic Compounds from Tea Callus Cultures

To extract PCs from frozen and crushed in liquid nitrogen calluses (50 mg FW each), 96% ethanol
(1,5 mL) was extracted at 45 °C (Gnom thermostat, Russia) for 40 minutes [36]. The homogenate was
centrifuged (12,000 g, 5 min) and the supernatant was used for spectrophotometric determination
(spectrophotometer Specord M40, Carl Zeiss, Jena, Germany) of the various PCs classes content.

2.7. Determination of the Total Phenolics Content in Tea Callus Cultures

The determination of the total PCs content in ethanol extracts of callus tissues was carried out
using the Folin—Ciocalteu reagent (Panreac, Barcelona, E.U.) according to our modified method [38].
During the determinations, the reaction mixture contained 0.075 mL of callus tissues’ ethanol extract,
0.075 mL of Folin—Ciocolteu reagent, 0.15 mL of 20% Na2COs (w/v) and 1.20 mL of distilled water.
The mixture was stirred and incubated for 45 min in the dark at room temperature. The absorption
of the product formed in the reaction (tungsten blue or heteropolyblue) was measured on a
spectrophotometer (Specord M40, Carl Zeiss, Jena, Germany) at 725 nm [39]. Results were expressed
as mg of gallic acid equivalents (GAE) per g of DW (mg GAE-g! DW) using a four-point calibration
curve of the gallic acid standard (Serva, Heidelberg, Germany).

2.8. Determination of the Phenylpropanoids Content in Tea Callus Cultures

The phenylpropanoids content was evaluated by direct spectrophotometry of callus tissues’
ethanol extracts at 330 nm (spectrophotometer Specord M40, Carl Zeiss, Jena, Germany), due to the
characteristic absorption of these substances in the UV region of the spectrum [40]. As control there
was used 96% ethanol. The results were expressed in mg of caffeic acid equivalents (CAE) per g of
DW (mg CAE-g! DW) using a four-point calibration curve of the caffeic acid standard (Serva,
Heidelberg, Germany).

2.9. Determination of the Flavanols Content in Tea Callus Cultures
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The flavanols content was determined with a vanillin reagent, which is a 1% vanillin (Merck,
Darmstadt, Germany) in 70% sulfuric acid [41,42]. During the determinations, the reaction mixture
contained 0.25 mL of ethanol extract and 1.25 mL of vanillin reagent. The absorption of red adducts
formed in this reaction was measured on a spectrophotometer (Specord M40, Carl Zeiss, Jena,
Germany) at 500 nm. The results were expressed in mg of epicatechin equivalents (ECE) per g of DW
(mg ECE-g' DW) using a four-point calibration curve of the (-)-epicatechin standard (Serva,
Heidelberg, Germany).

2.10. Determination of the Proanthocyanidins Content in Tea Callus Cultures

Determination of the proanthocyanidins content was carried out with a butanol reagent (n-
butanol:HCl, 95:5 v/v) [43]. During the determinations, the reaction mixture contained 0.5 mL of
ethanol extract and 1 mL of butanol reagent. The reaction mixture was hydrolyzed for 45 minutes at
+95 °C (Gnome thermostat, Russia), cooled, centrifuged (12,000 g, 5 min) and the absorption of
anthocyanidins formed in this reaction was determined at 550 nm (spectrophotometer Specord M40,
Carl Zeiss, Jena, Germany). The results were expressed in mg of cyanidin equivalents (CE) per g of
DW (mg CE-g' DW) using a four-point calibration curve of the cyanidin standard (Sigma, USA).

2.11. Determination of the Chlorophyll a and b Content in Tea Callus Cultures

To determine the chlorophyll content, tea calluses (100 mg FW each) were extracted with 96%
ethanol [44]. Chlorophylls a and b were determined using an RF-5301PC spectrofluorophotometer
(Shimadzu, Tokyo, Japan) at the corresponding excitation and emission wavelengths: for chlorophyll
a, Aex = 440 nm; Aem = 600-800 nm; for chlorophyll b, Aex = 460 nm; Aem = 600-800 nm. Using the
Panorama Fluorescence 3.1 software (Lab Cognition, Japan) , the relative content of chlorophylls a
and b was expressed in conventional units of chlorophyll fluorescence intensity [45].

2.12. Determination of the Lipid Peroxidation Level in Tea Callus Cultures

The level of lipid peroxidation in tea callus tissues was determined by the content of
malondialdehyde (MDA), using the reaction with thiobarbituric acid (TBA) [46]. For this purpose,
callus frozen in liquid nitrogen (200 mg FW each) was homogenized in 5 mL of 0.1 M tris-HCl buffer
(pH 7.5) containing 0.35 M NaCl. One mL of a 0.5% solution of TBA in a 20% aqueous solution of
trichloroacetic acid was added to the resulting homogenate. The reaction mixture was incubated in a
boiling water bath for 30 min, and the optical density of the solution was measured at 532 nm
(spectrophotometer Specord M40, Carl Zeiss, Jena, Germany). To calculate the MDA content (umol-g-
1 DW), a molar extinction coefficient of 156 mmol-!-cm™ was used [47].

2.13. Statistical Analysis

All determinations were carried out in three biological and three analytical replicates. The
obtained data was statistically processed using Microsoft Excel 2010 14.0 (Redmond, WA, USA) and
SigmaPlot 12.2 (Technology Networks, Sudbury, UK) software. The figures show the arithmetic
means + standard deviations (+ SDs). The data statistical analyses were performed using the two-way
analysis of variance (ANOVA). Mean separation was performed using Normality Test (Shapiro—
Wilk) and all Pairwise Multiple Comparison Procedures (Tukey test). The significant differences at p
<0.05 are denoted by different Latin letters: uppercase letters indicate significant differences between
different light intensities in alphabetic order from highest to lowest, lowercase letters indicate
significant differences between duration of light exposure in alphabetic order from highest to lowest.

3. Results and Discussion

3.1. Morphological Parameters of Tea Callus Cultures

doi:10.20944/preprints202312.0958.v1
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Morphological characteristics of in vitro plant cultures are the important parameters of their
physiological state [48]. According to our data, tea callus cultures, grown at different light intensities,
changed depending on duration of exposure (Figure 1).

At the beginning of the light exposure (the 10th day), the calli of all studied variants had similar
morphological characteristics. They were compact, quite dense, light beige in color. White cells were
located on the surface of the calluses. Their formation is more pronounced in the L1 and L2 variants
(Figures 1, S2). These are "young" cells that are formed after the transfer of callus to a fresh nutrient
medium [49]. It is believed that their formation is due to the functional activity of the so-called
“meristematic zone” of plant calluses [50].

The further growth of tea calli at different light intensities was accompanied by changes in their
morphology. Thus, on the 20th day, in all variants, the formation of cells with a pink color was noted
on their surface. Perhaps, this is due to the accumulation of PCs in them such as anthocyanins, the
accumulation of which is typical for the young shoots’ leaves of an intact plant [51]. This
pigmentation in calli of the L1 variant was not pronounced. Under conditions of higher light intensity
(variant L2), which exceeded that of variant L1 by 1.5 times, their formation was more pronounced,
which gave some areas a pink-red color. In cultures grown at the highest light intensity (variant L3),
which was twice higher than the minimum value, these cells with pink pigmentation were located
predominantly in the upper part of the callus. Perhaps this arrangement is due to the functional role
of anthocyanins associated with their participation in protecting plant cells from light exposure.

Variants
L1 L2 L3
Duration of
light exposure
10 days
20 days
30 days
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Figure 1. Tea callus cultures grown under different intensity and duration of light exposure. Light
intensity variants: L1 — 50 umol'm2-s7!; L2 — 75 umol'm2-s7}; L3 — 100 pmol-m2-s71. Symbols: AN —
anthocyanin-containing cells, CHL — chlorophyll containing cells.

Tea callus cultures grown at different light intensities are also characterized by the formation of
chlorophyll-containing cells, as was noted for other in wvitro cultures [52]. This process was
represented in the greening of individual areas of tea callus and depended on the intensity and
duration of light exposure. First of all, it was noted in variant L3 on the 20th day of growth under
light conditions, which is not typical for other variants. However, with its prolonged exposure (40
days), the surfaces of all calli acquired a green color of varying intensity: in the variant L1 - light
green, in the variant L2 — bright green, in the variant L3 - green-yellowish. Consequently, the
formation of chlorophyll-containing cells in tea callus cultures depended on the intensity and
duration of exposure to white light, as is typical for plant tissues and organs [52,53].

All of the above indicates that the intensity and duration of light exposure led to changes in the
morphology of tea callus cultures. This was manifested in the formation of cells with pink or green
pigmentation on their surface, which may indicate the accumulation of anthocyanins and chlorophyll
in them, respectively [54]. All these changes were noted already at the beginning of culture growth
under light conditions (the 20th day) and continued throughout the entire light exposure period (the
40th day). This once again confirms the regulatory role of light on the processes of cell differentiation
and their functional activity, as is typical for the initial stages of plant photomorphogenesis [16].

3.2. Growth of Tea Callus Culture

Light is an important factor regulating plant growth both in vivo and in vitro [18,26]. As noted
above, its intensity and duration effect influenced the tea callus cultures morphology. This was a
consequence of changes in their intertissue and intracellular differentiation, in particular due to the
formation of chloroplasts — important “suppliers” of energy and metabolites for the vital activity of
plant cells [17]. All these changes can affect the biomass increase of tea calli grown under different
light intensities. One of the tea callus cultures features is their low growth rate compared to other in
vitro plant cultures [48]. In all variants, its increase by the end of the passage did not exceed 156%
(Figure 2).
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Figure 2. Biomass growth dynamics of tea callus cultures grown under different intensity and
duration of light exposure. Light intensity variants: L1 - 50 umol'-m2-s7'; L2 — 75 umol-m=%s~'; L3 — 100
pmol-m=-s7. Results are expressed as means + SDs, n = 3. The significant differences at p < 0.05 are
denoted by different Latin letters: uppercase letters indicate significant differences between different
light intensities in alphabetic order from highest to lowest, lowercase letters indicate significant
differences between duration of light exposure in alphabetic order from highest to lowest. Pairwise
multiple comparisons were carried out using Tukey’s range test.

According to the data obtained, L1 and L2 variants are characterized by a typical S-shaped
growth curve [55]. The duration of their lag, linear and stationary phases was equal. At the same
time, the biomass increasing in the variant L2, starting from the 10th day of cultivation under light
exposure, exceeded that of the variant L1 and by the 40th day was 154% relative to 140%, respectively.
In calli grown at the highest light intensity (variant L3), the initial stages of growth under light
conditions were similar to those of variant L1. However, after the 30th day, its growth continued,
reaching the growth values of the variant L2 (156%) by the 40th day. Perhaps the absence of a moving
to the stationary growth phase in this culture is due to the chloroplasts’ formation in it, the switching
to a photomixotrophic type of nutrition and, as a consequence, the preservation of growth activity.

All of the above indicates the possibility of regulating biomass increase in tea calli when grown
under different light intensities. The greatest changes in growth dynamics were noted at high values,
as was noted in leaf-derived callus of Solanum xanthocarpum cultivated under the influence of white
light [56].

One of the important parameters when assessing the viability of plant tissues is their water
content [57]. According to our data, it had similar values in calli of all variants and practically did not
change during the passage (Table 1). The average water content was 89%. Small deviations from this
value were not statistically significant (Table S1).

Table 1. Water content in tea callus cultures grown under different intensity and duration of light

exposure.
Duration ) . .
of light Water Content in Cultures of Different Variants, %
exposure,
days L1 L2 L3

10 89.77 + 0.214a 89.08 + (0.224a 89.34 + 0.214a
20 89.32 +(0.184a 89.6 + 0.374a 87.43 +(0.194a
30 89.65 + 0.3042 86.54 + 2.454b 87.24 + 1.65%
40 88.37 +(0.184a 90.84 + 0.741a 89.55 + 0.104a

Light intensity variants: L1 — 50 pmol-m=2s7; L2 — 75 umol'm=2-s™; L3 — 100 pumol'm2-s!. Results are expressed
as means + SDs, n = 3. The significant differences at p < 0.05 are denoted by different Latin letters: uppercase
letters indicate significant differences between different light intensities in alphabetic order from highest to
lowest, lowercase letters indicate significant differences between duration of light exposure in alphabetic order
from highest to lowest. Pairwise multiple comparisons were carried out using Tukey’s range test.

All of the above indicates differences in the growth dynamics of tea plant callus cultures grown
under different intensity and duration of light exposure. Thus, at its lower values (L1 and L2
variants), a transition to the stationary growth phase was noted (from 30 to 40 days of cultivation),
which is not typical for its highest value (variant L3), where the linear growth phase continued.
Perhaps this effect is a specific reaction of tea cells grown at high light intensity, which is
characterized by the greatest greening of callus surface. The relationship between chlorophyll
accumulation and plant growth has been noted by a number of authors [58,59]. It should also be
noted that in the calli of all variants the water content was the same during the passage. This indicates
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the absence of significant changes in cell elongation [60]. This growth pattern of tea callus cultures is
reflected in their morphological characteristics, including high density and low biomass growth.

3.3. Chlorophyll a and b Content in Tea Callus Cultures

An important parameter when assessing the metabolic potential of plant tissues is the
determination of the content of chlorophylls 2 and b — the main photosynthetic pigments responsible
for the absorption of light energy and its further conversion into the energy of chemical bonds [23,25].

Tea callus cultures grown under different intensity and duration of light exposure are
characterized by the formation of green pigmentation, the saturation of which in all variants
increased towards the end of the experiment. It can be assumed that this is due to the light-dependent
regulation of chloroplastogenesis and the formation of photosynthetic pigments [17]. However, in
extracts of tea callus cultures, the content of chlorophylls a2 and b could not be analyzed by the
spectrophotometric method, which is widely used for their determination in plant tissues [61]. In this
regard, a more sensitive spectrofluorimetric method was used [45, 62].

According to the data obtained, in tea plant calli grown at different light intensities, the amount
of chlorophylls a and b increased as they grew, reaching maximum values by the end of the passage
that is, with prolonged exposure (Figure 3).
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Figure 3. The chlorophyll a (a) and chlorophyll b (b) fluorescence intensity (FI) in tea callus cultures
grown under different intensity and duration of light exposure. Light intensity variants: L1 - 50
pmol'm=2-s7; L2 - 75 umol'm2-s7; L3 - 100 umol'm=-s7!. Results are expressed as means * SDs, n = 3.
The significant differences at p <0.05 are denoted by different Latin letters: uppercase letters indicate
significant differences between different light intensities in alphabetic order from highest to lowest,
lowercase letters indicate significant differences between duration of light exposure in alphabetic
order from highest to lowest. Pairwise multiple comparisons were carried out using Tukey’s range

test.

The chlorophyll a content at the beginning of the light exposure (the 10th day) in calli of all
variants was minimal (Figure 3a). On the 20th day, it increased multiple times, especially in the
variant L3, exceeding the parameters of the L1 and L2 variants by 3.5 and 6 times, respectively. By
the 30th day, the chlorophyll a content increased in calli of the L1 and L2 variants by 4 and 5.5 times,
accordingly. While in the L3 variant it enhanced by only 20%. As a result, in all variants it was
statistically equal. The tendency to increase the amount of this pigment continued until the 40th day
of light exposure: 1.5 times in the L1 variant and 2.0 times in other variants. At the same time, the
maximum content of chlorophyll a2 was in calli of the L3 variant, exceeding its level in other variants
by 1.4 times. All this indicates that the highest light intensity contributed to the rapid activation of
chlorophyll a formation in tea callus, as well as its maximum accumulation under prolonged
exposure (40 days). At lower light intensities (L1 and L2 variants), the amount of this photosynthetic
pigment in calli was almost equal and gradually increased as they grew.

For chlorophyll b, the amount of which was significantly less than that of chlorophyll 4, a similar,
but less pronounced, trend of its accumulation in tea calli was noted (Figure 3b). At the beginning of
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the light exposure, its level was minimal. On the 20th day, the amount of chlorophyll b in callus
cultures increased, although it remained at a quite low level. Moreover, for the L1 and L2 variants it
was statistically equal and significantly lower (3.0 and 4.0 times, respectively) than in the L3 variant.
Further growth under light exposure (30 days) was accompanied by an increase in the amount of
chlorophyll b only in the L1 and L2 variants (3.6 and 4.5 times, respectively), which led to its equal
values in all studied cultures. By the 40th day, it doubled in all variants compared to the 30th day,
reaching its maximum value. Moreover, it was statistically equal for the L1 and L2 variants and
higher (by 20%) for the L3 variant.

All these data confirm our earlier assumption about the formation of photosynthetic pigments
in tea callus cultures grown under different light intensities. Moreover, the accumulation of
chlorophylls a and b in them depends on both the intensity and duration of its exposure (Table S1).
This is consistent with the ideas about the important role of photosynthetic pigments in light
absorption, photoprotection of cells from high exposure, as well as the functional activity of
photosynthesis, which makes a major contribution to plant productivity [63].

3.4. Soluble Carbohydrates Content in Tea Callus Cultures

One of the important and necessary metabolites for plant growth are carbohydrates or sugars
[64]. They are substances of primary metabolism that serve as substrates for the biosynthesis of
various compounds, including PCs [36,65].

Determination of the total soluble carbohydrates content (TCC) in tea callus cultures showed its
changes as they grew under conditions of different light intensity and duration (Figure 4). In general,
the trends in their accumulation are close to the circadian rhythms of many biological processes [66].
In all variants, on the 10th day of tea callus culture growth under light exposure, TCC was almost
equal, by the 20th day it increased, by the 30th day it decreased, and by the 40th day it increased
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Figure 4. The total soluble carbohydrates content (TCC) in tea callus cultures grown under different
intensity and duration of light exposure. Light intensity variants: L1 — 50 pmol'm2%s™; L2 — 75
pmol'm=2-s7; L3 — 100 umol'm2:s7. Results are expressed as means + SDs, n = 3. The significant
differences at p < 0.05 are denoted by different Latin letters: uppercase letters indicate significant
differences between different light intensities in alphabetic order from highest to lowest, lowercase
letters indicate significant differences between duration of light exposure in alphabetic order from
highest to lowest. Pairwise multiple comparisons were carried out using Tukey’s range test.

Moreover, at the beginning of the light exposure (10 days), TCC in calli of all variants was equal.
By the 20th dayj, it increased significantly in the L1 and L2 variants (by 34% and 56%, respectively)
and did not change in the variant L3. By the 30th day, TCC decreased in calli of all variants by 1.6
times. A different trend is typical for the final stages of culture growth under light exposure (40 days),
when the amount of these primary metabolites either did not change (variant L1) or increased
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(variants L2 and especially L3). The consequence of these changes was the highest TCC in tea callus
cultures on the 40th day of increased light exposure (L2 and, to a greater extent, L3 variants).

Since carbohydrates are important components of primary metabolism and “intermediate”
products of photosynthesis, a positive correlation has often been noted between their accumulation
and the chlorophyll content [67]. To a certain extent, this is also typical for tea callus cultures (Table
51). One can also note the relationship between TCC and biomass accumulation in tea callus cultures,
which further confirms the important energetic role of these metabolites for plant cells and tissues.

3.5. Phenolic Compounds Content in Tea Callus Cultures

As noted above, PCs are formed in almost all plants, as well as in cell cultures initiated from
them [7,27]. Their antioxidant activity and participation in plant protection from various
environmental factors, including light, are known [17]. On the one hand, it is important for their vital
activity, on the other hand, it can act as an elicitor, including increasing the formation of reactive
oxygen species [68]. And in this case, an important role in their inactivation belongs to PCs [8].

3.5.1. Total Phenolics Content in Tea Callus Cultures

Determination of the total phenolics content (TPC) allows to assess the potential ability of plant
cells to biosynthesize them [22,30]. According to the data obtained, TPC in tea callus cultures grown
under different intensity and duration of light exposure changed (Figure 5a). Moreover, in all
variants, its highest values were noted at the end of the cultivation cycle, especially in the L3 variant.
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Figure 5. The content of different phenolic compounds in tea callus cultures grown under different
intensity and duration of light exposure. TPC — total phenolic content (a), PPC — phenylpropanoids
content (b), FLC - flavanols content (¢) and PAC - proanthocyanidins content (d). Light intensity
variants: L1 — 50 umol'm=2-s7; L2 — 75 umol'm=2-s7; L3 — 100 pumol'm=2:s7!. Results are expressed as
means + SDs, n= 3. The significant differences atp < 0.05 are denoted by different Latin letters:
uppercase letters indicate significant differences between different light intensities in alphabetic order
from highest to lowest, lowercase letters indicate significant differences between duration of light
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exposure in alphabetic order from highest to lowest. Pairwise multiple comparisons were carried out
using Tukey’s range test.

At the initial stages of tea callus cultures growth under different light intensity (10 days), the
highest TPC value was observed in the L1 variant. In other cultures, it was lower: by 19% and 42%
for the L3 and L2 variants, respectively. With further growth in the L1 and L3 variants of light
exposure TPC remained at the same level until the 30th day. A different trend is typical for the L2
variant: a significant increase in TPC by the 20th day (2 times) and no changes until the 30th day. By
the 40th day, in tea calli of the L1 and L2 variants, TPC increased equally (by 25%), while in the variant
L3 it increased by 60%, which contributed to the greatest accumulation of PCs.

Thus, TPC in tea callus cultures changed as they grew under light conditions, reaching the
highest values with prolonged exposure (40 days). At the same time, the dynamics of this process
had similar trends in the L1 and L3 variants: TPC was at the same level during the first 30 days of
growth (lower in the L3 variant), and by the 40th day it increased, especially in the L3 variant. In the
L2 variant, changes in TPC are largely similar to those in the L1 variant, with the exception of its
lower values at the beginning of the light exposure.

Consequently, the accumulation of PCs in tea callus cultures depends on both the intensity and
the duration of light impact, to which they are exposed during the growing process (Table S1).
Moreover, in all variants, the greatest amount of them accumulated at the final stages of cultures
growth, when they had a high level of photosynthetic pigments. Probably, increasing the cell
differentiation level, in particular, the formation of chloroplasts in tea calli, as one of the sites of PCs
biosynthesis in plant cells [8], contributed to the accumulation of these secondary metabolites.

3.5.2. Phenylpropanoids Content in Tea Callus Cultures

Phenylpropanoids are polyphenols formed at the initial stages of the phenolic metabolism [10].
They can not only accumulate in plant cells, but also serve as precursors in the biosynthesis of various
flavonoids [7].

In tea callus cultures grown under different light intensities, the content of phenylpropanoids
changed under light exposure (Figure 5b). At the beginning of its impact (10 days), the
phenylpropanoids content in all tea callus cultures grown under different light intensities was low
and almost equal. By the 20th day of light exposure, it increased significantly (in the L1 and L3
variants by 50%, in the variant L2— by 60%) and remained at this level until the 30th day. By the 40th
day, the phenylpropanoids content in tea calluses decreased. Moreover, under high light intensity
conditions (variant L3), this change was only 17%, whereas in the other two variants (L1 and L2) it
was almost twice.

Based on these data, it can be concluded that the light effect on tea callus cultures contributes to
the accumulation of biogenetically early compounds of phenolic nature — phenylpropanoids. This
process was activated in all cases on the 20th-30th days of light exposure and decreased by the 40th
day. To a greater extent, this is typical for calluses of the L1 and L2 variants, which during this period
passed to the stationary phase of growth. When callus cultures were exposed to the highest light
intensity (variant L3), these changes were not so significant, which is probably a consequence of their
maintaining high growth activity inherent in the linear phase of culture growth in vitro [55, 60].

3.5.3. Flavanols Content in Tea Callus Cultures

Flavanols are the most reduced compounds of the largest polyphenols class, namely flavonoids
[69]. They are the main components of the tea plant phenolic complex, as well as callus cultures
initiated from it [5,30,31].

Determination of flavanol content showed their increase in tea calli as the duration of the light
exposure increases (Figure 5c). In most cases, their greatest accumulation was noted by the 40th day,
which depended on the light intensity (Table S1).

On the 10th day of tea callus culture growth, the lowest flavanol content was observed in the L2
variant, while in the L1 and L3 variants it was higher (by 45% and 30%, respectively). By the 20th

doi:10.20944/preprints202312.0958.v1
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day, it increased in the L1 and L2 variants by 30% and 60%, respectively. A different trend is typical
for calli grown under the highest light intensity (L3 variant), where no statistically significant changes
in this parameter were note. By the 30th day, in the L1 and L3 variants, the flavanols content remained
at the same level, while in the L2 variant it increased slightly (by 20%). A different tendency was
observed on the 40th day of light exposure, when the accumulation of these metabolites increased in
the L1 and L3 variants (by 20% and 50%, respectively), but did not change in the L2 variant. It should
also be noted that at the end of the tea callus culture growth the amount of flavanols in the L1 and L2
variants was almost equal, while in the variant L3 it was significantly higher (by 30%).

All this indicates significant light regulation of the flavanols accumulation in tea callus cultures.
To a certain extent, one can note the similarity in the accumulation of flavans in calli grown at the
lower intensities of light exposure. At high intensity, the amount of these metabolites increased only
under its prolonged and to a much greater extent than under other variants of illumination.
Therefore, the flavanols accumulation in tea callus cultures is regulated not only by the light intensity,
but also by the duration of exposure (Table S1).

3.5.4. Proanthocyanidins Content in Tea Callus Cultures

Proanthocyanidins are oligomers of phenolic nature based on flavan-3-ols (catechins), the
formation of which is characteristic of perennial plants, including tea [8, 70].

As with other phenolic metabolites, the accumulation of proanthocyanidins in tea callus cultures
grown changed under different intensity of light exposure, reaching in most cases the highest values
at the end of the passage (Figure 5d).

At the beginning of the growing cycle under light conditions (the 10th day), the lowest
proanthocyanidins content was noted in the callus of the variant L2 and higher in the L1 and L3
variants (by 60% and 44%, respectively). As the cultures continued to grow (up to 30 days), it
remained at this level in calluses grown at the lower and highest light intensities (L1 and L3 variants).
A different trend is typical for the variant L2, in which the proanthocyanidins content increased
significantly on the 20th day (2.6 times). By the 40th day the amount of these metabolites increased
in the L1 and L3 variants (1.5 and 3.0 times, respectively), while in the variant L2 it remained at the
same level. The result of these changes was the maximum content of proanthocyanidins in tea callus
grown at the highest light intensity (variant L3), which was 30% higher that of other variants, where
it was statistically equal during this period.

Thus, the dynamics of proanthocyanidins accumulation in tea callus cultures grown under
different intensities of light exposure differed. In the conditions of the lower and highest light
intensity (L1 and L3 variants), it increased only under its prolonged exposure and it was very
significant in the L3 variant. In the L2 variant, the main and significant changes in the accumulation
of proanthocyanidins occurred at the initial stages of light impact (the 20th day). All this indicates
differences in the response of tea callus cultures to both the intensity and duration of light exposure
(Table S1).

3.6. Lipid Peroxidation Level in Tea Callus Cultures

It is known that any exogenous factor can have a stressful effect on plant cells [11]. This also
applies to light, which in a number of studies is considered as an elicitor and stressor [8,56]. We must
not forget that with a high intensity of light flux the reactive oxygen species generation can be
activated and, as a consequence, an increase in their quantity up to the development of oxidative
stress [71]. Based on these data, we determined the content of MDA as an parameter of the level of
lipid peroxidation (LPO) and the presence/absence of a stress response in plant cells [43,72].

Determination of MDA content in tea callus culture showed its changes as they grow under
different light intensities (Figure 6). In most cases, it was higher at the beginning of its exposure than
at the end (10 and 40 days), with the exception of the L3 variant, where this parameter was the same.
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Figure 6. The malondialdehyde (MDA) content in tea callus cultures grown under different intensity
and duration of light exposure. Light intensity variants: L1 — 50 umol'm2-s7!; L2 - 75 umol'm2-s7; L3
— 100 pumol'm=2-s7!. Results are expressed as means + SDs, n = 3. The significant differences at p <0.05
are denoted by different Latin letters: uppercase letters indicate significant differences between
different light intensities in alphabetic order from highest to lowest, lowercase letters indicate
significant differences between duration of light exposure in alphabetic order from highest to lowest.
Pairwise multiple comparisons were carried out using Tukey’s range test.

It should also be noted that at the beginning of the light impact (the 10th day), the MDA content
in callus cultures of all variants was quite high and statistically equal. This indicated the same level
of lipid peroxidation, that is, the absence of dependence on the light intensity (Table 51). With further
growth in calli of the variant L1, the MDA content was statistically equal during the first 30 days of
cultivation under light conditions, and by the 40th day it decreased (by 30%). This decrease in LPO
level is a consequence of cells adaptation to the action of the exogenous factor, as well as activation
of their defense systems [8,72]. In the variant L2, a decrease in this parameter began on the 20th day
of cultivation (insignificant), and by the 30th day it was 26% lower than its initial level and did not
change until the end of the passage. As for the variant L3, in this case the trend was different: a
significant decrease on the 20th day (by 40%), a subsequent increase by the 30th day (to the initial
values) and retention at this level until the end of the light exposure. Consequently, in tea callus
cultures grown at high light intensity, in general, no significant changes in the MDA content were
observed throughout the entire light illumination period.

Based on the data obtained, we can conclude that at the initial stages of tea callus cultures growth
exposed to different light intensities, the level of LPO was the same, and with prolonged exposure it
decreased towards the end of the passage (with the exception of the variant with high light intensity).
This indicates the adaptation of in vitro cultures to its effects and the formation of defense systems
against reactive oxygen species that arise under these conditions. To a certain extent, this may be a
consequence of the PCs accumulation, effective bioantioxidants, in them [8,9].

4. Conclusions

The tea plant (Camellia sinensis L.) is one of the most important horticultural crops widely used
throughout the world, both in the food and pharmaceutical industries, due to the accumulation of
biologically active substances, including polyphenols. Their accumulation depends on the action of
various environmental factors, including light. A study of the tea callus cultures response to the
action of light of various intensities showed that at increased values (75 and 100 pmol-m2-s') growth
activity was higher than at lower values (50 pmol'-m--s'). The accumulation of carbohydrates, one of
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the representatives of primary metabolism and substrates for the biosynthesis of other substances,
was very similar in all studied variants and was close to the circadian rhythms of many biological
processes. As for polyphenols, namely the content of flavanols and proanthocyanidins, it was
maximum at the final stages of callus growth at the highest light intensity (100 pmol'm-2-s1). A
different trend is typical for phenylpropanoids (biogenetically early compounds of phenolic
metabolism): their greatest accumulation was noted on the 20-30th day of crop growth at lower light
intensity (50 and 75 pmol'm?2s?). All this indicates some differences in the activity of the
phenylpropanoid and flavonoid pathways of polyphenol biosynthesis in the tea callus cultures
grown under different light intensities, which can serve as the subject of further studies at the
metabolome and transcriptome levels.

Supplementary Materials: Figure S1: The design of the experiment and analyzed parameters. Figure S2: Lateral
sections of tea callus calluses grown under different light intensity: 50 umol'm=-s7 (a); 75 umol-m=2-s™ (b) u 100
pmol'm=2s7 (c). Duration of light exposure — 20 days. Symbol: YC -young cells. Table S1: Two-way ANOVA
showing the effect of intensity and duration of light exposure and their interaction on water, different phenolic
compounds, malondialdehide, total carbohydrates, chlorophyll a and b contents in tea callus cultures.
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